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Abstract 

We  review  some  recent  infrared  (IR)  and  Raman  scattering  measurements  and  related 
results  from  theory,  making  use  of  ah  initio  methods,  of  localised  vibrational  modes 
resulting  from  the  presence  of  impurities  in  GaAs  and  GaP.  We  discuss  linewidths,  host 
lattice  isotopic  fine  structure  for  isolated  impurities  and  changes  of  local  force  constants 
for  these  impurities  and  for  impurity  complexes.  Specifically,  we  outline  results  for  C,  B, 
Si  and  S  impurities  and  also  S-Cu  and  Si-Cu  impurity  pairs  in  GaAs  and  GaP. 

Introduction 

Localised  vibrational  mode  (LVM)  spectroscopy  provides  detailed  information  about  the 
identity  and  the  lattice  location  of  both  isolated  and  complexed  impurity  atoms  in 
semiconductor  crystals.  The  physics  of  the  technique  is  basically  simple.  If  the  presence 
of  the  impurity  leads  to  the  existence  of  a  mode  with  a  frequency  that  falls  outside  the 
bands  for  the  perfect  lattice  modes,  the  new  mode  cannot  propagate.  For  a  compound 
such  as  GaAs  for  which  the  component  atoms  have  similar  masses  (^^Ga,  60%  abundant: 
^^Ga,  40%:  ^^As,  100%),  an  LVM  can  occur  only  at  frequencies  greater  than  the  maximum 
lattice  frequency.  Other  compounds,  including  GaP  (3tp,  100%),  have  a  gap  in  the  phonon 
spectrum  between  the  acoustic  and  optic  bands.  We  shall  call  a  localised  mode  in  this 
spectral  region  a  gap  mode.  Light  impurity  atoms  substituting  for  the  heavy  lattice  atom 
may  give  rise  to  both  an  LVM  and  a  gap  mode  but  a  heavy  atom  substituting  for  the  light 
lattice  atom  can  produce  only  a  gap  mode  [see  Refs.  1-4].  In  the  former  case,  the 
orthogonality  of  mode  eigenvectors  leads  to  differences  in  the  displacement  patterns  for 
the  two  modes:  displacements  of  the  impurity  will  be  dominant  in  the  LVM  and  relatively 
unimportant  in  the  gap  mode  [4,5]. 

Isotopic  substitution  of  the  impurity  (e.g.  20%:  80%)  and/or  the  near  neighbours 

will  produce  changes  in  the  mode  frequency  that  can  often  be  resolved  in  cryogenic  (~  10 
K)  Fourier  transform  infrared  (FTIR)  absorption  spectra,  provided  the  full  width  half¬ 
maximum  linewidths  (A)  of  the  components  of  fine  structure  are  not  too  great.  Sources  of 
line  broadening  are  inhomogeneities,  random  strain  [6]  and  the  limited  lifetime  of  the 
excited  state  of  the  mode  due  to  decay  into  the  underlying  2-phonon  density  of  lattice 
modes  [2].  Recently,  perfect  lattice  frequencies  and  eigenvectors  have  been  calculated  by 
ah  initio  methods  for  III-V  compounds  (including  GaAs  and  GaP)  [7,8].  Excellent 
agreement  with  the  measured  phonon  dispersion  is  obtained  and,  since  the  mode 
frequencies  and  the  eigenvectors  are  produced  together,  this  provides  confidence  in  the 
eigenvectors  and  the  perfect  lattice  Green's  functions  calculated  from  them.  Green's 
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functions  for  the  defective  lattice  containing  the 
impurity  are  determined  by  standard  procedures 
[1],  taking  account  of  the  change  of  mass  and  local 
changes  of  the  force  constants[9].  The  LVM  and 
gap  mode  frequencies  are  then  found  from  poles  in 
these  functions.  We  shall  discuss  the  results  of 
such  calculations  for  GaAs  and  GaP,  and  also  local 
density  functional  (LDP)  ab  initio  calculations 
relating  to  the  geometry  of  impurity  centres  and 
the  associated  LVM  frequencies  for  GaAs. 

Local  Modes 

Isotopic  fine  structure:  The  five  line  fine  structure 
of  the  Cas  LVM  in  GaAs  (582  cm-i,  12C:  561  cm-i, 
i^C)  is  easily  resolved  by  FTIR  [10].  Cluster 
calculations  [11]  show  that  the  vibrational 
displacements  of  the  Cas  atom  are  large  (consistent 
with  a  large  shift  of  21  cm"i  for  the  two  isotopes), 
those  of  the  4  Ga  nearest  neighbours  (NN)  are  quite 
small,  while  those  of  more  distant  neighbours  are 
negligible.  The  NN  combinations  give  rise  to  two 
triplets  (^9Ga4  and  two  doublets  and  five 

singlets:  grouping  of  the  transitions  leads  to  the 
observations  of  five  nearly  equally  spaced  lines,  the 
inner  three  of  which  correspond  to  singlet  transitions.  This  fine  structure  is  also  fully 
resolved  in  GaAs  for  the  LVMs  of  the  Bas  double  acceptor  (628  cm'^,  601  cm‘i,  ^^B)  [6]. 

These  two  modes  occur  above  the  2  phonon  cut-off  at  ~  590  cm’i  (4.2  K)  [6],  while  the  Cas 
modes  lie  just  below  this  limit.  However,  fine  structure  for  the  ^^SiAs  LVM  (399  cm'^)  is 
not  fully  resolved  (see  later  Fig.  3)  and  it  has  not  been  reported  for  Pas  (334  cm‘i,3ip). 

The  linewidths  of  the  LVMs  from  ^^B^g  (A  =  0.35  cm"^  for  GaAs:  A  =  0.6  cm'^  for  GaP)  are 


Fig.l.TR  absorption  (resolution  =  0.02 
cm-^)  due  to  and  LVMs  in 
GaP:  broad  underlying  features  are  due 
to  intrinsic  2-phonon  absorption.  Note 
that  A  =  0.9  cm-'^  for  and  A  =  0.6 
cm-^for  ^^Bqh  [12]. 


smaller  than  those  for  ^^Bq^  (A  =  0.85  cm  ^  for  GaAs:  A  =  0.9  cm’^  for  GaP)  in  both  GaAs 
and  GaP.  The  ratio  of  the  measured  widths  (1.5)  for  the  two  isotopes  in  GaP  (Fig.  1)  is 
close  to  that  shown  in  Fig.2  (1.9)  for  the  ratio  of  the  2-phonon  densities  at  the  relevant 
LVM  frequencies  [12]:  there  is  a  similar  correspondence  for  GaAs:BQa.  The  2-phonon 
densities  were  obtained  as  convolutions  (  with  no  selection  rules  applied)  of  the  1-phonon 
densities,  from  ab  initio  calculations  (see  introduction).  This  procedure  ignores  any 
modifications  to  the  lattice  modes  resulting  from  the  presence  of  the  defects  and  variations 
in  the  coupling  to  these  modes  for  different  impurities.  Nevertheless,  it  is  clear  that  the 
mode  lifetime  limits  the  minimum  linewidth  for  Bq^  in  both  hosts,  and  this  will  also  occur 


for  the  LVMs  of  other  impurities. 

The  LVM  of  606  cm-i  from  the  i^Cp  acceptor  in  GaP  shows  only  poorly  resolved  NN  fine 
structure  and  it  has  always  been  assumed  that  there  are  large  strains  in  liquid 
encapsulated  Czochralski  (LEG)  crystals.  However,  the  profile  can  be  synthesised  from 
the  expected  9  component  lines,  each  with  a  linewidth  of  0.34  cm-i,  to  give  an  overall 
spread  of  0.46  cm'i  [13].  The  component  linewidth  is  only  38%  of  that  of  the  ^^Bq^  LVM, 
although  it  is  much  larger  than  that  of  ~  0.05  cm’i  for  GaAs:CAs-  It  follows  that  the  lack  of 
observed  fully  resolved  fine  structure  is  due  to  the  limited  lifetime  of  the  LVM  excited 
state,  rather  than  inhomogeneities  or  random  strains  in  the  crystals. 
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Fig.  2.  2  -phonon  density  for  GaP  obtained  as  a 
convolution  (no  selection  rules  applied)  of  the  1- 
phonon  density  determined  from  ab  initio 
calculations  [12], 


Fig.3.  IR  absorption  from  MBE  GaAs:Si 
(SxW^^  cm-^)  after  subtraction  of  2-phonon 
intrinsic  absorption.  A  new  line  at  399.6  cm-^ 
is  identified  for  the  first  time  for  the  Si-X 
defect  using  ^^GaAs:Si  [15]. 


We  complete  this  section  by  discussing  GaAs  heavily  doped  with  Si  that  shows  modes 
from  Sica,  Si^g/  Sica-SiAs  pairs,  Sica-Vca  (Ga  vacancy)  pairs  and  a  defect  labelled  Si-X  (Fig. 
3)  [6,14].  Progress  in  making  an  assignment  for  Si-X  was  limited  because  it  was  unclear 
whether  overlapping  lines  near  367  cm  ^  were  due  to  Ga  isotopic  structure  or  to  distinct 
modes  of  the  Si-X  complex.  New  measurements  made  on  Si  doped  epitaxial  layers  of 
GaAs  grown  by  molecular  beam  epitaxy  (MBE)  using  a  single  isotope  source  [15] 
show  (a)  that  the  second  possibility  (above)  is  correct  and  (b)  that  there  is  a  previously 
unrecognised  satellite  LVM  at  399.6  cm-r  on  the  high  energy  side  of  the  now  relatively 
"sharp"  Si^s  LVM  (  A  =  0.7  cm-i  )  that  is  correlated  with  the  part  of  the  structure  close  to 
367  cm‘i  due  to  Si-X.  It  is  evident  that  Si-X  incorporates  a  single  SiQg  atom  and  the 
disposition  of  the  3  modes  at  368.4,  370.0  and  399.6  cm'i  is  similar  to  that  observed  for  the 
second  neighbour  Sica-Vg^  pair  (366.8,  367.5  and  397.8  cm-i  )  [15]:  there  is  also  broad 
agreement  with  values  calculated  by  LDF  theory  [16].  Thus,  Si-X  is  attributed  to  a  Sigg- 
Vga  defect  that  is  slightly  perturbed,  perhaps  by  a  nearby  interstitial  Si  atom. 
Alternatively,  Si-X  could  be  the  Siga-Vca  pah  and  the  lines  previously  attributed  to  this 
defect  may  relate  to  the  perturbed  centre.  There  is  an  outstanding  need  to  relate  the  IR 
measurements  to  the  results  of  recent  scanning  tunnelling  microscopy  and  positron 
annihilation  measurements  [17,18],  since  comparisons  of  common  samples  have  not  been 
made  and  references  to  the  IR  studies  have  not  been  quoted. 


Force  Constants 

Cluster  calculations  have  been  used  to  determine  nearest  neighbour  Keating  bond 
stretching  (a')  and  bending  (p')  force  constants  that  lead  to  agreement  between  calculated 
and  measured  LVM  frequencies  for  a  range  of  impurities  in  various  host  crystals  [19]. 
Values  of  a'  and  P'  may  then  be  compared  with  a  and  P  for  the  perfect  lattice.  For 
isoelectronic  impurities,  the  changes  Aa  and  AP  are  always  small:  for  group  IV  donors 
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occupying  group  III  sites  and  group  IV 
acceptors  occupying  group  V  sites,  a'  is  larger 
than  a  by  up  to  ~  25%:  for  group  VI  donors 
occupying  group  V  sites  and  group  II  acceptors 
occupying  group  III  sites,  a  is  reduced  by  a 
similar  percentage.  Comparisons  with  ab  initio 
calculations  indicate  that  these  numerical 
percentages  may  not  be  too  reliable  but  they 
serve  as  a  general  guide.  Thus  in  GaAs,  the 
order  of  the  LVM  sequence  for  (331 

cm'i),  ^^Alga  (362  cm'i)  and  ^^Sigg  (384  cm'i)  is 
the  opposite  of  that  expected  from  increases  in 
the  masses  [6], 

It  is  proposed  that  the  changes  are  due  to  the 
partial  ionicity  of  the  compound,  i.e.  III+-V‘.  In 
GaAs  or  GaP,  a  donor  DQa+  attracts  and 
shortens  the  NN  covalent  bond  leading  to  the 
increase  in  a:  conversely,  an  acceptor  Aga"  will 
lead  to  a  reduction  in  a.  These  interactions  are 
also  expected  for  shallow  donors  or  acceptors 
in  their  neutral  charge  states  since  the  electron 
(hole)  density  associated  with  the  ground  state 
wavefunction  is  located  mainly  outside  the 
region  of  the  impurity  and  its  NNs.  Thus  the 
LVMs  of  the  ionised  and  neutral  species  are  expected  to  have  essentially  the  same 
frequency,  as  found  for  GaAs:CAs  [20],  Measurable  shifts  can  occur  however  if  the 
electron  density  is  highly  localised  around  the  impurity,  as  for  the  Oj-V  centre  (electron 
trap)  in  Si,  or  for  the  centre  in  GaAs  [6],  These  concepts  are  important  in  relation  to 
the  interpretation  of  a  gap  mode  found  in  GaP;S,  to  be  discussed  later. 

Gap  Modes  in  GaP 

GaP:As.  Green's  function  analysis  predicted  that,  for  appropriate  defects,  gap  modes  will 
show  NN  isotopic  fine  structure,  comparable  with  that  for  LVMs  but  with  a  larger  spread 
of  frequencies  [9].  Subsequently,  we  observed  this  structure  for  the  Asp  gap  mode  in  GaP 
(Fig.  4)  [5]  (the  gap  extends  from  255  to  326  cm-i).  Calculated  component  frequencies, 
allowing  only  for  the  mass  change  were  all  smaller  by  4.5  cm‘i  than  the  measured  values 
of  267.95,  268.34,  268.68,  269.02  and  269.37  cm'L  These  values  were  reproduced  exactly 
when  the  local  force  constants  were  increased  with  Aa  =  2.227  Nm‘i  and  AP  =  4.717  Nm‘i 
[19]  (changes  to  other  force  constants  were  not  taken  into  account):  for  comparison,  typical 
values  for  the  host  are  a  ~  40  Nm'i  and  P  ~  5  Nm  i.  The  component  linewidths  of  0.15  cm  ^ 
and  the  overall  spread  of  the  structure  of  1.42  cm-i  are  smaller  and  larger  respectively  than 
the  corresponding  measurements  for  the  GaP:Cp  LVM.  Calculations  for  a  fictitious  As 
atom  with  a  mass  of  76  amu  (an  increase  of  1  amu)  lead  to  a  reduction  in  the  gap  mode 
frequency  of  ^^Asp  by  ~  1  cm'i,  indicating  that  the  presence  of  impurities  with  more  than 
one  isotope  may  give  rise  to  overlapping  fine  structure  patterns. 
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Fig.  4.  IR  absorption  from  the  ^^Asp  gap 
mode  in  GaP  showing  five  line  fine 
structure  due  to  the  mixed  nearest 
neighbour  Ga  isotopes.  The  overall  width  is 
1.4  cm-^  [5]. 
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Fig.  5.  IR  absorption  from  gap  modes  in 
two  GaP  samples  cut  from  different  ingots.  The 
unusual  asymmetric  line  shape  of  the  line 
is  due  to  mixed  ^^Ga  and  ^'^Ga  second 
neighbours  and  can  be  simulated  by  theory  (see 
Fig.  6)  [121 


Frequency  (cm'^) 

Fig-6  Simulation  of  the  line  shape  for  the 
^^BQ„:GaF  gap  mode  using  a  model  with  5a  = 
-8.3  Nm-'^  and  a  physically  unrealistic  value  of 
5p  =  21.3  Nm-^,  implying  that  second 
neighbour  force  constants  should  be  modified 
[12]. 


GaP:B.  In  addition  to  the  LVMs  discussed  above  for  GaPiBcg,  a  gap  mode-  had  been 
reported  as  an  asymmetric  peak  at  283  cm'^  that  was  deconvoluted  into  two  components 
with  a  separation  of  1.5  cm-i  and  a  strength  ratio  of  1:4  to  correspond  to  gap  modes  of 
and  The  two  modes  have  now  been  fully  resolved  with  a  separation  of  1.4 

cm‘i  (  Fig.  5)  [12].  The  lines  have  an  unusual  asymmetric  shape  and  their  widths  (A  =  0.9 
cm‘i)  are  significantly  greater  than  the  component  widths  of  the  ASp  gap  mode  (A  =  0.15 
cm"i).  There  are  also  small  features  (dips)  near  the  peaks  that  were  reproduced  for  several 
samples  cut  from  different  ingots.  The  displacements  of  the  B  atoms  must  be  small 
because  of  the  small  isotopic  shifts  in  the  frequencies,  as  expected  from  the  orthogonality 
with  the  LVM  eigenvector,  but  there  is  nevertheless  strong  gap  mode  absorption  (about 
50%  of  the  boron  LVM  absorption).  Appreciable  displacements  of  the  12  second  NN  ^^Ga 
and  ^iGa  atoms  are  expected  and  are  taken  into  account  in  obtaining  the  histogram  of 
frequencies  shown  in  Fig.  6.  Broadening  the  3x2^2  components  with  Lorentzian  profiles 
with  A  =  0.21  cm‘i  leads  to  an  overall  linewidth  of  0.9  cm“i,  in  agreement  with  the 
measurements,  and  the  dip  feature  is  also  reproduced.  Thus,  we  have  been  able  to  see  the 
effects  of  second  NNs  for  the  first  time.  There  is,  however,  a  surprisingly  high  sensitivity 
of  the  line  shape  to  the  choice  of  local  force  constants  [12]. 


GaP:S.  Sulphur  and  selenium  donors  (Sp  and  Sep)  in  GaP  have  ground  states  at  (  £^,-107 
meV)  and  (E^-IOS  meV)  respectively.  As-grown  samples  with  a  doping  level  of  ~  lO^®  cm'^ 
show  complete  carrier  freeze-out  so  that  IR  spectra  can  be  obtained  at  10  K  for  samples 
containing  either  neutral  or  ionised  donors  [13,21].  GaP:Se  shows  no  gap  modes  from  Sep 
with  dominant  isotopes  7®Se  (23%)  and  ^^Se  (49.8%).  This  is  not  surprising  since  mode 
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frequencies,  calculated  by  ignoring  force 
constant  changes,  are  only  5  cm"^  above  the  top 
of  the  acoustic  band  and  reduced  force  constants 
(a')  are  expected.  As-grown  GaP:S  shows  a 
weak  mode  at  272.5  cm'i  with  a  width  of  1.6  cm-i 
but  no  resolved  fine  structure  (Fig.  7). 
Progressive  electrical  compensation  of  a  sample 
by  2  MeV  e‘-irradiation  at  300  K  led  to  decreases 
in  the  strength  of  the  photo-excitation  spectrum 
and  increases  in  the  strength  of  the  gap  mode  by 
a  factor  of  ~  10.  Its  assignment  to  (95%)  is 
certain  since  a  second  new  mode  is  then  detected 
at  266.2  cm‘i  due  to  (4.6%).  Broad 

absorption  at  the  top  of  the  band  of  lattice  modes 
induced  by  neutral  5°  (Fig.  7  Trace  (a)),  Se'’  or 
Te°  [21]  has  been  observed  but  will  not  be 
discussed  here. 

Reproduction  of  the  mode  requires  setting 
8a  =  -19.3  Nm'^[21].  This  corresponds  to  a  very 
large  reduction  in  the  stretch  force  constant  of  ~ 
50%  but  the  predicted  isotopic  shift  of  to 
266.14  cm'i  agrees  with  the  measurements. 
There  is  no  reason  to  believe  that  the  grown-in 
donors  are  complexed  with  a  native  defect  such  as  a  as  the  normal  photo-excitation 
spectrum  is  observed  and  similar  samples  show  the  electron  paramagnetic  resonance 
(EPR)  spectrum  from  neutral  sulphur  donors  with  T^  symmetry.  A  consequence  of  the 
weak  bonding  is  that  the  neighbours  have  relatively  small  vibrational  displacements  so 
that  the  calculated  overall  spread  of  frequencies  for  the  gap  mode  components  of  0.46  cm'i 
is  only  ~  30%  of  that  for  the  ^^ASp  mode.  The  implied  large  width  of  the  fine  structure 
components  is  explained  by  anharmonic  coupling  of  the  Sp  mode  to  the  modified  modes  of 
the  GaP  crystal.  Calculations  lead  to  an  estimate  of  the  component  width  of  1.95  cm-i, 
whereas  the  corresponding  estimate  for  ^^ASp  is  only  0.13  cm  h  both  values  are  in  essential 
agreement  with  the  measurements  [21]. 

Compensation  of  grown-in  Sp  donors  was  alternatively  effected  by  Cu  in-diffusion. 
Similar  in-diffusion  has  been  used  previously  to  compensate  Sig^  donors  in  GaP  (Fig.  8) 
and  GaAs  [14].  For  both  hosts,  there  is  formation  of  second  neighbour  Sic^-Cu^"  pairs, 
involving  an  estimated  50%  of  the  Si  donor  concentration  [14,22]  and  the  other  Si  atoms 
remain  as  isolated  donors.  Since  the  Cuga  atom  is  expected  to  be  a  double  acceptor,  the 
Sica-Cuca  pair  centres  should  be  single  acceptors  that  compensate  the  isolated  Siga  donors, 
leading  to  an  explanation  of  the  observations.  Similar  pairing  of  Sp  donors  was  expected 
in  both  GaP  and  GaAs  so  that  nearest  neighbour  Sp  -Ci4;  pairs  should  form.  Cu  diffusion 
into  our  GaP:S  samples  at  900°C  led  to  a  large  increase  in  the  strength  of  the  Sp  gap  m'ode 
(Fig.  7)  [13].  In  addition,  new  gap  modes  occur  at  higher  frequencies  of  311.5  cm-i  (34Sp) 
and  304.7  cm-i  (^^gp)  that  we  attribute  to  the  transverse  r3  vibrations  of  the  pairs.  A  local 
mode  is  also  produced  at  408.1  cm'i  that  we  attribute  to  the  longitudinal  Pj  mode.  This 
mode  is  in  a  sense  pushed  through  the  reststrahl  band  as  a  result  of  increasing  the  strength 
of  the  S  -  Cu  stretch  force  constant  compared  with  the  S  -  Ga  force  constant.  Similarly, 


Fig.7.  Gap  modes  in  GaPiSpi  a)  as-grown, 
b)  after  complete  compensation  by  2MeV  e- 
irradiation  and  c)  after  Cu  in-diffusion. 
Note  the  broad  absorption  at  the  top  of  the 
acoustic  band:  the  mode  in  (a):  the 
very  weak  ^^Sp  mode  in  (b)  and  (c)  and 
modes  from  Sp-CuQa  in  (c). 
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Fig.  8  IR  spectrum  showing  LVMs  from  SiQ„- 
Cuq^  second  neighbour  pairs  in  GaP  with  the 
lines  straddling  the  LVM  from  isolated  SiQ„. 
By  analogy  with  the  spectrum  from  the  same 
pairs  in  GaAs  [14],  the  line  at  453.8  cm-'^  is  an 
unresolved  doublet. 


Fig.  9.  The  longitudinal  LVM  due  to 
CuQg  nearest  neighbour  pairs  formed  in 
GaAs:S  after  in-diffusion  of  Cu  at  900°C  for 
16h.  The  mode  is  close  to  the  reststrahl  band 
which  prevents  observation  of  the  weak 
Cuqh  pair  line. 


formation  of  SAs'''-CuGa2-  pairs  in  GaAs  also  leads  to  an  LVM  at  303  cm"^  (Fig.  9).  The 
important  conclusion  from  these  observations  is  that  the  strength  of  the  isolated  Sp  gap 
mode  increases  as  a  result  of  compensation  of  the  donors  effected  either  by  Cu  diffusion  or 
by  2  MeV  electron  irradiation. 

The  outstanding  problem  is  to  understand  why  there  is  no  significant  contribution  to  the 
absorption  from  SpO;  absorption  from  Sp+  would  occur  in  as-grown  material  due  to  the 
presence  of  Cp  acceptors  and  possibly  Op  impurities.  Only  a  small  proportion  of  the 
wavefunction  for  the  extra  bound  electron  lies  inside  a  region  bounded  by  the  nearest 
neighbours,  according  to  an  effective  mass  calculation,  implying  that  the  local  force 
constants  should  be  insensitive  to  the  charge  state  of  the  impurity  [21],  as  discussed  above. 
It  has  been  proposed  that  the  dipole  moment  associated  with  the  mode  for  Sp+  is,  to  a  large 
extent,  screened  by  the  bound  electron  of  the  neutral  donor  Sp^.  An  essential  condition  for 
this  interpretation  to  be  valid  is  that  the  region  of  the  crystal  in  which  appreciable 
displacements  of  atoms  occur  in  the  localised  mode  must  be  small  compared  with  that  in 
which  there  is  an  appreciable  fraction  of  the  wavefunction  of  the  bound  electron.  In 
addition,  the  vibrational  frequency  (272.5  cm'i)  of  the  donor  atom  must  be  much  smaller 
than  the  threshold  frequency  for  electronic  transitions  (  somewhat  below  850  cm'i).  SpO  in 
GaP  seems  to  be  an  unusual  case  in  which  these  conditions  apply.  Further  analysis  is  in 
progress. 


High  Doping  Levels  and  Complexes 

So  far,  only  samples  relatively  "lightly"  doped  with  active  donors  or  acceptors  have  been 
discussed.  At  much  higher  concentrations  (>  cm^^),  the  electronic  levels  form  bands 

and  there  is  intense  free-carrier  absorption  that  increases  towards  low  wave  numbers.  The 
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energies  of  the  vibrational  and  electronic  states 
are  then,  degenerate  at  the  LVM  frequency  of  the 
dopant  and  mixing  of  the  states  occurs.  This 
leads  to  features  in  spectra  that  appear  as  Fano 
profiles  (derivative-shaped  for  GaAsiC^s  [23]  or 
a  dip  for  GaAsiSi^g  [14])  superposed  on  the 
background  continuum  absorption.  These 
features  are  always  quite  broad  and  all  fine 
structure  from  mixed  host  isotopes  is  lost, 
although  changes  in  the  impurity  isotope  are 
usually  resolved. 

There  is  often  an  advantage  in  using  the  Raman 
scattering  technique  to  reveal  the  impurity 
LVMs  since  the  probing  light  penetrates  only  a 
short  distance  into  the  host  crystal  (for  photons 
with  an  energy  of  3.0  eV,  this  depth  is  ~  10  nm 
in  GaAs).  For  example,  the  spectrum  of  the 
Raman  shift  for  GaAs  highly  doped  with  Si 
shows  all  the  features  that  can  only  be  observed 
clearly  by  IR  absorption  if  samples  are  first 
compensated  by  electron  irradiation.  For  p-type 
Si  doped  MBE  or  LPE  GaAs,  Fano  dips  due  to 
Si^s  observed  in  IR  spectra  appear  as  "normal" 
symmetrical  Raman  scattering  profiles.  We  note 
that  the  symmetry  of  the  defect  can  also  be 
determined  by  Raman  scattering  without  the 


1700  1800  1900 

Raman  shift  fcm-h 

Fig.  10  Raman  spectra  from  GaAs:^^C, 

GaAs'PC  and  GaAs  containing  nearly 
equal  concentrations  of  and  ( total 
[C^J  ~  10^^  cm-^)  following  anneals  at 
850°C  for  up  to  4h  (  Kr*  ion  laser  source 
(3.00  eV)  line  and  a  sample  temperature  of  ^;0  apply  uniaxial  stress,  as  demonstrated 
~77K[26]).  fQ]-  GaP;B(;;a  [25].  A  disadvantage  of  the 

technique  is  its  limited  resolution  of  ~  1  cm'^  so  that  fine  structure  is  not  detected. 

The  process  of  hydrogen  in-diffusion  may  be  used  to  reduce  the  carrier  concentration  in 
thin  epitaxial  layers  but  this  results  in  the  formation  of  close  hydrogen  -  impurity  pairs  so 
that  many  additional  LVMs  may  occur  (e.g.  for  H-C^^g  in  GaAs)  [23].  Sometimes  the 
hydrogen  is  introduced  during  the  growth  of  layers  by  metal  organic  vapour  phase 
epitaxy  or  chemical  beam  epitaxy.  A  different  problem  may  arise  if  this  hydrogen  is  out- 
diffused  at  an  elevated  temperature  (T  >  600°C)  since  impurity  atoms  may  change  their 
lattice  locations.  It  has  been  demonstrated  that  there  is  a  loss  of  C^s  atoms  during  this 
process  and  the  formation  of  bonded  C-C  split-interstitial  defects  [26].  It  is  implied  that 
Cas  atoms  move  to  interstitial  sites  and  that  they  then  migrate  and  are  captured  by 
remaining  C^s  atoms.  The  C-C  pairs  cannot  be  observed  by  IR  absorption  because  of  their 
D2d  symmetry  (no  dipole  moment)  but  they  are  Raman  active.  Examination  of  samples 
containing  equal  concentrations  of  and  then  show  scattering  from  12C  - 

13C  and  13C  -  pairs  at  1742,  1708  and  1674  cm'i  that  demonstrates  the  pair  structure 
unambiguously  (Figs.  10  and  11).  These  defects,  predicted  to  be  deep  donors,  were  first 
predicted  by  ab  initio  theory  for  AlAs  [27],  and  subsequent  calculated  frequencies  are  close 
to  those  observed  for  the  Triplet  (1)  structure  found  in  GaAs  [26].  Recent  calculations  for 
12C-12C  pairs  indicate  frequencies  of  1764  and  1793  cm"^  for  GaAs  and  AlAs  respectively. 
New  measurements  of  the  defect  in  MOVPE  AlAs  show  lines  at  1755.8  (Triplet  (1))  and 
1856.3  cm'i  (Triplet  (2))  [28].  The  origin  of  Triplet  (2)  is  still  not  understood  [26]. 
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Conclusions 

Several  mechanisms  for  broadening 
component  lines  in  LVM  spectra  have  been 
considered.  The  large  widths  of  the  resolved 
g^P  modes  in  GaP  are 
explained  by  the  distributions  of  ^^Ga  and 
^^Ga  isotopes  which  occupy  the  12  second 
nearest  neighbours  (NN)  to  the  impurity. 
Correlations  between  linewidths  and 
underlying  two-phonon  densities  of  states 
have  been  pointed  out  and  the  importance  of 
the  modifications  to  these  densities  due  to 
changes  in  force  constants  around  the 
impurity  is  highlighted  in  a  comparison 
between  the  resolved  fine  structure  for  Asp 
in  GaP  and  the  broad  structureless  lines  for 
34Sp  and  32Sp  in  the  same  host.  The  gap 
modes  for  isolated  32Sp  and  34Sp  have  much 
greater  strengths  for  the  ionised  donors  than 
Fig.ll  Model  for  the  di-carbon  split  interstitial  neutral  impurities.  A  difference  in 

defect  in  heavily  C  doped  GaAs  following  a  frequency  for  the  two  charge  states  of  the 
high  temperature  anneal.  TabwZflfed  it  is  proposed 

frequencies  are  given  for  the  Triplet  (1)  (lower  dipole  moment  may  be  largely 

frequencies)  and  Triplet  (2)  lines  together  with  screened  by  the  bound  electron  in  the 
frequencies  calculated  from  LDF  theory  [26],  relatively  deep  ground  state.  The  use  of 

GaAs  heavily  doped  with  Si  grown  with  a 
single  isotope  source  (^^Ga)  has  led  to  a  reassessment  of  the  Si-X  defect  that  is  now  shown 
to  be  a  Sica-Vca  second  neighbour  pair,  possibly  perturbed  by  another  Si  atom  or  vacancy 
in  a  nearby  site.  At  high  doping  levels  information  about  impurity-induced  LVMs  can  be 
obtained  by  Raman  scattering  without  the  prior  need  to  compensate  the  crystal  by  electron 
irradiation  or  the  in-diffusion  of  a  counter  dopant.  Use  of  this  technique  has  led  to  the 
observation  of  di-carbon  split  interstitial  centres  previously  predicted  to  be  present  in 
annealed  heavily  C  doped  AlAs  and  GaAs. 

There  are  some  further  general  comments.  IR  absorption  studies  parallel  to  those 
described  here  have  revealed  isotopic  fine  structure  for  both  LVMs  and  gap  modes  from 
various  isolectronic  impurities  in  CdTe,  ZnTe,  ZnS  and  hexagonal  CdS:  comparisons  were 
also  made  with  the  results  of  cluster  calculations  [29].  A  range  of  other  crystal  structures 
(e.g.  GaN)  could  in  principle  be  studied  by  LVM  spectroscopy.  The  use  of  Raman 
scattering  could  also  prove  valuable,  as  indicated  by  the  study  of  InP:C  [30],  although 
significantly  more  work  is  required  to  obtain  an  unambiguous  assignment  for  this 
particular  system. 
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Abstract. 

We  study  the  behavior  of  perfectly  hydrogenated  Si  nanoparticles,  under  optical  excitation.  We  use 
semiempirical  selfconsistent  techniques  within  the  Hartree-Fock  formalism,  specially  parametrized  to 
reproduce  key  properties  of  the  crystalline  environment  for  the  Si  atom.  We  find  that  the  optical 
absortion  spectra  of  particles  ranging  in  size  from  29  to  71  Si  atoms  evidence  both  quantum 
confinement  and  relaxation  effects,  with  optical  gaps  in  the  green-blue  region.  These  particles  show 
however  strength  for  luminescence  at  much  lower  energy,  related  to  localised  surface  defects  created 
by  gap-light  excitation.  These  defects  involve  two  surface  Si  atoms  and  a  H-atom,  in  a  Si-H-Si 
bridge  configuration,  and  we  propose  they  should  be  the  active  luminescent  centers  in  porous  Si. 

Introduction, 

The  optical  properties  of  nanometer-size  structures  are  currently  the  object  of  much  debate,  both 
from  the  experimental  and  theoretical  points  of  view,  since  quantum  confinement  may  force  a 
behavior  not  seen  for  the  same  material  in  the  bulk.  In  this  scenario.  Si  nanoparticles  are  interesting 
in  that  they  show  efficient  luminescence,  in  the  visible  range.  Furthermore,  even  if  their  optical 
behavior  shows  a  clear  dependence  on  the  particle  size,  several  aspects  of  photoluminescence 
experiments  appear  to  be  size  independent  and  are  not  understood  in  terms  of  pure  confinement  of 
bulk-like  electronic  states.  Si  particles  with  diameter  in  the  nanometer  size  range  can  be  realised  [1] 
through  microwave  plasma  decomposition  or  by  laser  breakdown  of  silane,  and  are  thought  to  be  the 
structures  responsible  for  the  photoluminescence  of  porous  Si.  The  optical  properties  of  samples 
composed  of  such  particles  show  intriguing  features:  a)  the  absortion  edge  shows  an  exponential  tail, 
and  blue-shifts  with  decreasing  particle  size  from  around  1.2  eV  for  diameters  ^  10  nm,  to  around 
2.5-3  eV  for  diameters  of  2  nm;  b)  there  are  at  least  two  channels  for  luminescent  decay,  a  blue- 
green  fast  channel,  and  a  red-orange  slow  channel  (R-PL);  c)  in  contrast  to  the  absorption  energy, 
the  R-PL  energy  is  virtually  size-independent,  but  the  intensity  increases  with  decreasing  average 
size  of  particles  in  a  sample;  d)  the  PL  behavior  is  very  sensitive  to  sample  preparation,  oxidation, 
and  temperature. 

Several  hypothesis  have  been  advanced  to  explain  the  above  behavior,  apart  from  quantum 
confinement,  including  alien  species  such  as  siloxanes  or  polisllanes,  interfacial  states  (Si/Si02),  or 
surface  saturation  defects  (dangling  bonds),  and  theoretical  modelling  is  clearly  desirable.  However, 
in  spite  of  the  impressive  progress  in  theory  in  the  past  decades,  a  reliable  theoretical  description  of 
these  systems  is  still  very  difficult.  Ab-initio  density-fimctional  techniques  can  give  quantitative 
answers  to  questions  on  the  ground-state  properties  of  unit  cells  with  around  10^  atoms,  while 
atomistic  molecular  dynamics  may  be  sucessfully  applied  to  geometries  of  unit  cells  of  the  order  of 
10**  atoms.  Unfortunately,  none  of  these  approaches  are  at  this  time  suitable  for  the  study  of  optical 
properties  of  complex,  finite  nanostructures,  because  of  the  need  to  account  for  atomic  relaxation  at 
a  microscopic  level,  and  to  treat  the  optical  properties  consistently  from  the  smallest  cluster  limit, 
where  correlation  effects  are  expected  to  be  important,  up  to  large  crystallites.  Quantum  semi- 
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empirical  techniques,  on  the  other  hand,  are  usually  parametrized  for  small  organic  molecules,  where 
the  sp^  hybridization  is  not  relevant. 

This  difficulty  is  apparent  from  the  data  shown  in  Table  I,  where  we  collect  results  for  the  energy  of 
the  first  optical  transition  of  Si  particles,  with  perfectly  hydrogenated  surfaces,  obtained  from 
different  models;  we  see  that  for  any  of  the  sizes  studied,  the  transition  energy  can  differ  by  more 
than  1.5  eV  from  one  model  to  another.  Even  accounting  for  the  difference  between  models,  this 
discrepancy  is  unexpected,  and  arises  from  the  fact  that  we  are  dealing  with  structures  at  the  limit 
between  molecules  and  solids,  where  both  localization  and  delocalization  effects  can  play  an 
important  role. 

Table  I  :  Gap  energy  of  H-saturaied  Si  nanoparticles  calculated  through  different  models.  The 
number  of  atoms  in  the  particle  is  indicated  in  the  first  column.  Ref.  2:supercell,  pseudopotentials 
within  Local  Density  Approximation  (LD A), plane-waves  basis  set;  Ref.  3:  LCAO  basis  set,  LDA, 
constant  shift  of  +0.6  eV  in  gap  energy;  Ref.  4:  MNDO,  standard  parametrization  PM3;  Ref  5: 
empirical  tight-binding,  nearest  neighbors  only.  An  estimate  can  be  made  for  a  particle  with  around 
70  Si  atoms  from  Ref  6,  empirical  pseudopotentials,  LDA  with  excitonic  corrections,  gap  ~2.9eV . 


Number  of  Atoms 

Ref.  2 

Transition  Energy  (eV) 

Ref  3  Ref  4 

Ref  5 

10 

4.62 

5.10 

3.43 

— 

17 

— 

5.05 

3.10 

— 

29 

3.32 

4.95 

2.76 

— 

35 

— 

4.90 

2.74 

2.95 

66 

2.95 

3.98 

2.62 

— 

87 

— 

4.05 

3.10 

— 

123 

2.45 

3.60 

2.45 

— 

239 

— 

3.50 

— 

1.68 

To  address  this  problem,  we  decided  to  work  within  the  Hartree-Fock  plus  Configuration  Interaction 
framework,  since  there  might  be  Stokes  shifts  involved  and  therefore  structural  relaxations  and 
correlation  effects  might  have  to  be  investigated  in  the  excited  states.  The  complexity  of  the  problem 
however  constrains  us  to  work  with  semiempirical  techniques,  which  we  briefly  describe  below. 

Model  and  Methods 

We  adopt  two  techniques  from  the  Neglect  of  Diatomic/Differential  Overlap  (NDO)  family,  which 
start  fi-om  the  usual  Hartree-Fock  variational  procedure,  with  the  mean-field  wavefimctions 
(Molecular  Orbitals,  MO)  expanded  in  Linear  Combinations  of  Atomic  Orbitals  ®p(r)  (LCAO).  The 
NDO  techniques  all  derive  from  the  same  basic  approximations,  namely;  the  frozen-core 
approximation,  so  that  only  valence-shell  electrons  are  treated  selfconsistently;  a  minimum-basis  set 
for  the  LCAO,  so  that  for  Si  or  O  only  valence  s  and  p  orbitals  are  included;  all  electronic  and 
nuclear  energies  are  written  in  parametric  form,  but  parameters  are  associated  with  particular 
elements,  not  situations,  and  are  transferrable  from  one  situation  to  another;  and  finally,  to  keep  the 
number  of  two-electron  two-center  integrals  manageable,  the  overlap  element  is  neglected 
(d>p4>adr=0).  It  is  important  to  note  that  the  real  overlap  between  orbitals,  ultimately  responsible  for 
bonding,  is  brought  back  into  the  calculation  through  the  one-electron  ‘resonance’  integrals,  and  that 
the  electronic  structure  is  obtained  through  a  full  selfconsistent  iterative  procedure. 

Each  NDO  Hamiltonian  is  designed  for  obtaining  optimal  results  for  a  given  set  of  properties.  We 
adopt  the  MNDO/ AMI  [7]  (Modified  NDO/  Austin  Model  1)  approximation  for  the  study  of 
structural  properties,  due  to  the  multipole  expansion  used  for  the  two-center  two-electron  integrals, 
which  is  very  apropriate  to  the  study  of  geometries;  and  the  ZINDO/CI[8]  (Zerner’s  Intermediate 
NDO/  Configuration  Interaction)  approximation  for  the  optical  properties,  due  to  the  special  s-p 
interaction  factors  that  optimize  transition  energies,  and  to  the  Cl  method  for  describing  excited 
states.  The  difficulty  lies,  in  both  cases,  in  that  the  standard  parametrizations  are  incapable  of 
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reproducing  the  properties  of  crystalline  material,  and  are  thus  inadequate  for  the  study  on  hand.  To 
solve  this  problem,  we  introduce  new  parametrizations,  which  we  call  NDO/Crystal:  to  do  that  we 
developed  Bloch-periodic  versions  of  the  NDO  codes,  which  we  use  mainly  for  the  task  of 
reparametrizing  the  methods  for  the  Si  (and  O)  atom.  The  mathematical  framework  includes 
expansion  in  Bloch-sums,  built  from  the  same  minimum  atomic  basis  sets  used  in  the  regular 
molecular  versions.  We  use  enlarged  cells,  and  Chadi-Cohen  special  k-points  for  the  density-matrix 
summation  in  the  Brillouin  Zone.  The  total  energy  is  calculated  adopting  a  neighborhood- 
approximation  cut-off  radius  for  the  interactions  (we  attain  convergence  including  third  neighbors). 
The  method  is  described  in  detail  elsewhere. 

Our  parametrization  ensemble  includes  the  bulk  Si  and  a-quartz  crystals,  and  small  relevant 
molecules  such  as  silane,  disilane  and  disiloxane.  For  MNDO  we  obtain  best  fits  to  the  geometries 
and  vibrational  properties  of  the  molecules,  and  for  the  lattice  parameters  of  the  crystals,  within  4% 
of  the  experimental  value.  For  the  Si  bulk  crystal  we  adjusted  parameters  to  obtain  not  only  the  bulk 
modulus  (within  12%  error,  compared  to  87%  with  the  usual  parametrization),  but  also  phonon 
energies  for  the  high-symmetry  T,  X  and  L  points,  which  we  fit  within  8  %>  error.  For  ZINDO  we 
obtained  best  fits  to  the  optical  spectra  and  first  ionization  potentials  of  the  small  molecules,  and  for 
the  valence  band  properties  and  optical  gap  character  of  the  crystals,  always  using  the  geometries 
obtained  with  MNDO/Crystal.  We  obtain  the  correct  symmetries,  and  fair  valence  bandwidth  for 
both  crystals  (we  are  focusing  on  the  first  optical  transitions,  so  the  lower  valence  states  were  not 
optimised),  and  correct  indirect  gap  character  for  Si,  with  however  the  expected  overestimation  of 
gap  energy,  and  underestimation  of  conduction  bandwidth,  that  are  recognised  to  be  due  to  lack  of 
correlation  effects. 

The  inclusion  of  correlation  effects  through  Cl  is  not  applicable  to  the  infinite  periodic  solid.  It  is 
however  crucial  to  our  parametrization  that  we  have  an  estimate  of  these  effects:  to  do  that  we  study 
nanocrystals,  simulated  by  clusters  in  the  perfect  (theoretical)  lattice  geometry,  saturated  by  pseudo¬ 
atoms.  These  pseudo-Si  atoms  are  chosen  so  as  to  level-out  the  atomic  charge  density  inside  the 
nanocrystal,  maintaining  the  charge  hybridization  obtained  for  the  periodic  crystal.  Cl  is  then 
performed  for  these  nanocrystals,  and  the  gap  extrapolated  to  infinite  radius  gives  the  estimate  we 
need.  We  show  in  Fig.  1(a)  the  results  for  Si,  and  we  see  that  our  value  is  extremely  close  to  the 
experimental  value.  It  is  also  relevant  that  the  gap  transition  is  essentially  HOMO-LUMO  (Highest 
Occupied-Lowest  Unoccupied  MO),  and  that  these  orbitals  preserve  the  character  of  the  (indirect) 
gap-edge  orbitals  obtained  for  the  bulk. 


against  the  inverse  radius  1/R  (R  is  a  characteristic  length,  given  by  the  distance  to  the  center  of 
the  structure  of  the  outer  Si  shell).  We  show  the  Hartree-Fock  one-electron  value  (always  HOMO- 
LUMO  for  these  transitions),  the  value  including  virtual  orbital  correction,  and  the  Cl  value. 
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Results  and  Discussion 

Once  the  techniques  are  reparametrized,  we  use  the  standard  molecular  versions  to  calculate  the 
structural  (MNDO/Crystal)  and  optical  (ZINDO/Ciystal)  properties  of  Si  nanoparticles,  with  the 
surfaces  perfectly  hydrogenated.  We  studied  [9,10]  nanoparticles  in  Tj  and  Dsd  symmetries, 
containing  from  17  to  71  Si  atoms  (diameters  from  0.4  to  1.5  nm),  allowing  all  the  atoms  in  the 
particle  to  relax.  The  first  finding  is  that  even  for  particles  with  as  few  as  29  Si  atoms,  in  tetrahedral 
arrangement,  the  vibrational  spectrum  already  reproduces  quite  well  the  phonon  dispersion  of  the 
bulk.  We  show  in  Fig.  2  the  vibrational  spectrum  for  two  particles,  with  35  and  44  Si  atoms,  where 
we  see  clearly  also  the  Si-H  surface  modes  (there  is  a  slight  shift  in  Si-H  modes  carried  over  from  the 
parametrization,  since  we  did  not  change  any  parameter  for  the  H  atom). 


Figure  2:  Vibrational  spectra  obtained  through  MNDO/Crystal  for  the  particles  SissHse  (a)  and 
Si44H42  (b).  We  indicate  the  Si  bulk-like  modes  and  the  surface  Si-H  modes. 

There  occurs  for  all  particles  a  non-linear  relaxation  that  is  responsible  for  a  split-off  Si-Si  mode, 
with  energy  slightly  higher  than  the  TO  energy,  since  there  is  always  a  compression  of  the  first  shell 
towards  the  central  atom.  These  results  are  relevant  to  the  debate  on  the  dimensionality  of  the 
luminescent  structures  in  po-Si,  since  it  is  shown  that  particles  of  this  size  may  cause  the  phonon 
lines  seen  [11]  experimentally. 

For  the  optimum  geometry,  we  calculate  through  ZINDO/Crystal/CI  the  optical  spectra  for  all 
nanoparticles  studied.  For  any  one  particle  the  spectrum  is  rich,  but  with  no  transitions  in  the  red- 
orange  region,  as  we  show  in  Fig.  3  for  two  different-symmetry  particles. 


Energy  (eV) 

Figure  3:  Optical  spectra  for  (a)  SissHseand  (b)  Si44H42  calculated  through  ZINDO/Crystal/CI,  in 
the  relaxed  ground  state  geometry;  the  lines  are  gaussian-broadened  by  0.01  eV.  The  first  peaks 
can  be  traced  in  more  than  85%  to  the  HOMO-LUMO  one-electron  trasition;  the  LUMO  symmetry 
is  at  in  both  cases,  but  the  HOMO  symmetry  is  lowered  from  t2  of  Td  in  (a)  toai+e  of  Csv  in  (b). 
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We  show  in  Fig.  1(b)  results  for  the  first  optical  transition  of  the  three  largest  particles,  which  may  be 
compared  to  Fig.  1(a)  for  the  corresponding  (in  size  and  strucuture)  nanocrystals.  We  find  thus  that 
the  energy  gap  for  particles  in  this  diameter  range  is  size  dependent,  showing  the  expected 
confinement  effects.  However,  comparing  Fig.  1(a)  and  (b),  we  also  see  that  there  is  a  large  opening 
of  the  gap  in  these  hydrogenated  relaxed  particles,  that  comes  directly  fi'om  the  compression  already 
discussed  for  the  central  shells.  In  fact,  if  we  analyse  the  first  optical  transition  into  one-electron 
excitations  (Fig.  4),  we  find  that  again  it  is  essentially  a  HOMO-LUMO  transition. 

If  we  now  look  at  the  charge  distribution  of  these  orbitals,  we  find  that  they  concentrate  mostly  on 
the  central  shells  of  the  particle  (Fig  4(b,c)),  so  we  may  classify  the  first  optical  transition  as 
crystalline.  Indeed,  the  Hydrogen  atoms  do  not  contribute  significantly  to  any  of  the  transitions  seen 
below  5  eV.  It  is  unreasonable  to  try  and  extrapolate  from  the  data  in  Fig.  1(b)  to  find  a  diameter 
range  where  we  might  find  transitions  in  the  red,  since  the  relaxation  effect  should  certainly  decay 
■with  increasing  size  of  the  particle:  accordingly,  this  extrapolation  would  lead  to  a  gap  of  1.5  eV 
even  for  an ‘infinite  Si-H  particle’. 
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One  electron  states  Distance  from  center  (A) 

Figure  4:  Representation  of  the  Cl  for  the  first  peaks  in  Fig.  3(a)  showing  the  contribution  from  the 
molecular  orbitals  to  the  first  excited  state  of  the  SissHse  nanoparticle,  and  we  see  it  is  essentially 
created  by  the  HOMO-LUMO  transition;  similar  results  are  obtained  for  the  other  particles.  The 
spatial  localisation  for  these  orbitals  is  shown  in  parts  (b)  HOMO  t2;  (c)  LUMO  ag  and  (d) 
LUMO+I.  The  probability  density  associated  with  a  typical  atom  in  a  given  shell  is  plotted  vs'  the 
distance  from  the  center  of  the  particle.  All  peaks  correspond  to  Si  shells  except  those  marked 
hydrogen,  which  correspond  to  the  H  surface  shells. 


Summarizing  our  results  so  far,  we  find  that  the  optical  gap  of  Si-H  particles,  in  the  stable  relaxed 
geometry,  shows  a  blue  shift  with  respect  to  bulk  Si  that  is  due  to  both  confinement  and  relaxation 
effects.  In  agreement  with  most  previous  theoretical  results  [2-5],  for  particles  in  the  diameter  range 
1.5-2  nm,  the  first  optical  transition  lies  around  3  eV,  too  high  to  account  for  the  R-PL  in  po-Si; 
also,  this  first  transitions  are  crystalline  in  character,  which  is  compatible  with  the  size  dependence 
but  appears  conflicting  with  the  data  on  po-Si,  where  we  see  a  large  dependence  of  the  R-PL  on  the 
surface  [1]  conditions.  There  is  however  another  important  datum:  for  all  studied  particles,  the  first 
optical  transition  is  essentially  a  HOMO-LUMO  one-electron  excitation.  This  on  the  one  hand 
explains  why  different  treatments  of  correlation  give  very  similar  results:  there  is  none  or  extremely 
little  configuration  mixing  for  these  transitions  (This  is  not  the  case  for  higher-lying  lines  in  the 
spectra).  On  the  other  hand,  it  allows  us  to  study  the  excited  state  reached  under  illumination:  we 
simply  study  through  MNDO/Crystal  the  properties  of  the  particle  with  one  electron  taken  from  the 
HOMO  to  the  LUMO.  With  the  geometry  optimised  for  this  electronic  excited  state,  we  again  study 
the  optical  properties,  through  ZINDO/Crystal/CI. 
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Figure  5:  Optical  spectra  for  the  (a)  SissHse  and  (b)  SU4H42  calculated  through  ZINDO/Crystal/CI, 
in  the  relaxed  excited  state  geometry;  the  lines  are  gaussian-broadened  by  0. 01  eV. 

We  show  in  Fig.  5  the  spectra  so  obtained  for  the  particles  SissHse  and  Si44H42,  which  must  be 
compared  to  Fig  3.  The  difference  is  striking:  the  first  transition  is  drastically  red  shifted,  and  the 
region  from  1  to  3  eV  is  now  completely  filled  with  lines.  It  must  be  noted  first  that,  since  the 
difference  is  so  marked,  these  are  the  spectra  more  properly  associated  with  the  luminescence,  the 
spectra  in  Fig.  3(a)  should  correspond  to  absorption  only.  Secondly,  that  these  optical  spectra  are 
obtained  for  the  first  excited  electronic  state  of  each  particle,  reached  though  the  HOMO-LUMO 
excitation;  thus,  only  the  lower  lines  in  the  spectra  are  likely  to  be  seen  in  luminescence.  Finally,  the 
similarity  of  the  effect  for  the  two  particles  is  also  remarkable. 

We  next  investigate  the  origin  of  thd  lower  peaks.  Results  are  very  similar  for  the  two  particles:  we 
find  that  there  is  now  a  clear  configuration  mixing  effect,  and  the  transitions  mainly  start  from  the 
HOMO,  and  involve  both  the  LUMO  and  a  second  virtual  state.  Figure  6  depicts  the  analysis  of  the 
first  peak  in  emission  for  the  particle  SissHse  and  we  note  that  if  the  LUMO  is  still  crystalline  in 
character,  the  HOMO  is  however  very  different  from  the  HOMO  of  the  ground  state.  It  is  no  longer 
degenerate,  and  shows  a  very  large  density  concentration  over  just  two  Si  atoms  at  the  surface  of 
the  cluster.  The  other  virtual  state  involved,  LUMO+1,  also  shows  this  localised  character. 


Figure  6:  Representation  of  the  first  peak  in  Fig.  5(a)  showing  the  contribution  from  the  molecular 
orbitals  to  the  optical  transiton;  we  see  it  is  now  a  mixed  transition.  The  spatial  localisation  for  the 
relevant  orbitals  is  shown  in  parts  (b)  HOMO;  (c)  LUMO;  and  (d)  LUMO+1;  all  orbitals  are 
now  singly  degenerate:  note  the  localisation  of  the  HOMO  ondLUMO+l. 

What  we  find  in  fact  is  that  the  particle  in  the  excited  state  undergoes  a  strong  spontaneous 
distortion  extremely  localised  on  two  neighboring  surface  Si  atoms,  each  bonded  to  just  one  H  atom. 
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In  the  distortion  the  Si  atoms  bend  and  stretch  their  bond  by  0.26  A,  keeping  the  distance  to  their 
internal  neighbors  almost  unchanged.  At  the  same  time,  one  of  the  H  atoms  moves  to  bridge  the 
bond,  so  that  a  surface  configurational  defect  is  created,  with  no  complete  rupture  of  any  bonds  in 
the  particle.  We  show  in  Fig.  6  a  scheme  of  the  defect,  depicting  one  6-fold  ring  that  includes  the 
Si-H-Si  bridge  and  reaches  to  the  center  of  the  particle.  If  we  analyse  the  bond  order  in  this  bridge- 
defect  configuration  we  find  that  the  H-atom  is  bonded  almost  equally  to  both  Si  atoms,  and  that  the 
Si  atoms  maintain  40%  of  the  regular  bond  strength  to  each  other. 


Figure  7.  Scheme  of  the  bridge-defect,  showing  a  6-fold  Si  ring  that  reaches  to  the  center  of  the 
particle,  in  the  normal  ground  state  (a)  and  in  the  excited  state  bridge  configuration  (b);  results  for 
the  Si44H42  particle. 

It  is  relevant  to  note  that  this  bridge-defect  has  a  considerable  oscillator  strength  for  optical  decay,  so 
we  might  expect  efficient  luminescence  from  such  a  center.  On  the  other  hand,  it  is  highly  unstable 
relative  to  the  normal  surface  configuration,  and  there  is  no  evidence  for  a  metastable  (local 
minimum)  distorted  configuration  in  the  ground  state.  So  once  the  center  optically  decays,  it  should 
decay  non-radiatively  back  to  the  normal  surface  configuration.  In  other  words,  we  do  not  expect 
dangling-bond  creation  [12]  or  optical  bleaching  [13]  in  this  case. 

An  earlier  suggestion  by  Allan  and  coworkers  [14]  to  explain  the  luminescence  in  po-Si  invoked  a 
surface  defect:  by  removal  of  the  H  atoms  saturating  neighboring  Si  surface  atoms,  a  surface  dimer 
could  be  created,  and  the  authors  show  that  by  stretching  such  a  dimer  one  could  create  an  efficient 
optical  decay  center,  similar  to  the  bridge  defect.  Our  results  show  that  there  is  no  need  for  actual 
built-in  defects,  since  this  bridge  is  photocreated  by  the  absorption  process  on  perfectly  H-saturated 
nanoparticles.  It  requires,  however,  a  ‘soft’  environment,  ideally  provided  by  the  surface  of  such 
particles,  since  there  is  considerable  distortion  of  the  atoms  involved. 

The  luminescent  process  in  po-Si  has  been  called  ‘exciton  trapping’.  What  our  study  indicates  is  that 
indeed  the  absorption  process  might  be  said  to  create  an  exciton,  since  the  transition  so  clearly 
involves  just  the  two  one-electron  levels  and  could  be  described  as  creating  an  electron-hole  pair. 
The  situation  after  the  ‘exciton  trapping’  is  however  more  complex,  since  there  is  considerable 
configuration  mixing  between  an  extended  (LUMO)  and  a  localised  (LUMO+1)  electron  state. 

We  find  another  distortion  (breathing)  mode  for  the  excited  state,  from  which  there  is  also  efficient 
optical  activity;  this  symmetric  relaxed  configuration  is  however  much  higher  in  energy  than  the 
bridge  defect  state. 

Our  results  allow  then  for  a  consistent  explanation  of  the  photoluminescence  processes  in  Si-H 
nanoparticles,  and  in  po-Si.  For  a  given  size  distribution  in  a  sample,  we  have  a  distribution  of 
absorption  thresholds  that  result  in  an  exponential  tail;  for  each  particle,  the  first  optical  absorpion 
originates  in  the  crystalline  core  and  the  gap  is  size  dependent,  showing  quantum  confinement 
effects.  Once  in  the  excited  state  it  can  decay  through  a  symmetric  state,  Stokes-shifted  by  »  0.2-0.3 
eV,  that  is,  in  the  blue-green  region  for  particle  diameters  around  2  nm;  due  to  the  (symmetric)  mode 
of  relaxation,  it  should  be  a  fast  channel.  The  H  surface  atoms  are  not  involved  in  either  absorption, 
or  blue-green  luminescence.  The  R-PL  is  associated  with  the  photocreated  bridge-defect,  and,  due 
to  the  extremely  localised  character  of  the  defect  wavefimction,  is  ‘pinned’  in  energy.  We  do  not 
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have  an  estimate  for  the  decay  rate;  since  the  distortion  is  very  large  the  Jahn-Teller  coupling  term 
could  slow  the  process  down,  or  it  could  be  that  the  decay  is  not  directly  to  tWs  luminescent  excited 
state,  but  passes  through  some  intermediate  state.  The  presence  of  H  atoms  is  essential  to  the  red- 
orange  luminescence,  as  is  also  the  softness  of  the  environment:  the  intensity  of  luminescence  should 
increase  with  decreasing  particle  size. 
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Abstract 

We  present  a  theoretical  study  of  point  defects  and  impurities  in  GaN.  Sources  of  n-type 
doping  are  investigated:  nitrogen  vacancies  are  too  high  in  energy,  but  silicon  and  oxygen 
readily  incorporate.  The  properties  of  oxygen,  including  DX-center  formation,  support  it  as 
the  main  cause  of  unintentional  n-type  conductivity.  Gallium  vacancies  are  the  likely  source  of 
the  yellow  luminescence.  An  investigation  of  various  acceptor  impurities  indicates  that  Mg  is 
still  the  acceptor  of  choice  for  p-type  doping.  The  role  of  hydrogen  during  acceptor  doping  is 
discussed.  We  also  find  that  compensation  of  acceptors  by  nitrogen  vacancies  may  occur,  likely 
leading  to  the  observed  persistent  photoconductivity. 

1.  Introduction 

GaN  is  successfully  being  used  for  green,  blue,  and  UV  light  emitters  and  for  high-temperature 
or  high-power  applications  [1].  Light-emitting  diodes  [2]  are  already  being  produced  in  large 
quantities  for  use  in  applications  ranging  from  traffic  lights  to  full-color  displays.  Nakamura 
and  coworkers  have  also  achieved  various  milestones  in  the  fabrication  of  laser  diodes,  including 
room- temperature  GW  (continuous  wave)  operation  [3].  In  addition,  GaN  is  a  very  promising 
material  for  high-frequency  and  high-power  devices  [4]  and  for  solar-blind  detectors  [5].  The 
ability  to  control  doping  is  crucial  for  all  of  these  applications;  wide-band-gap  semiconductors 
such  as  GaN  have  long  suffered  from  lack  of  control  of  the  doping  levels.  In  this  paper  we 
discuss  how  a  theoretical  approach  for  native  defects  and  dopant  impurities,  combined  with 
state-of-the-art  first-principles  calculations,  can  be  used  to  understand  the  various  factors  that 
govern  doping. 

Native  defects  have  often  been  invoked  to  explain  doping  problems.  Specifically,  in  GaN  the 
nitrogen  vacancy  has  traditionally  been  thought  to  be  the  source  of  n-type  conductivity.  Our 
first-principles  investigations,  however,  indicate  that  nitrogen  vacancies  are  high-energy  defects 
in  n-type  GaN,  and  thus  are  unlikely  to  form  in  large  concentrations  [6].  We  have  proposed 
that  unintentional  impurities  such  as  oxygen  and  silicon  are  the  actual  cause  of  the  observed 
unintentional  n-type  doping  [7].  These  impurities  are  calculated  to  be  shallow  donors  with  high 
solubilities.  Additional  support  for  this  assignment  comes  from  the  finding  that  oxygen  (but 
not  Si)  behaves  as  a  DX  center  in  GaN  under  pressure,  in  agreement  with  recent  experimental 
observations  [8]. 

After  a  description  of  the  theoretical  approach  in  Section  2,  we  will  summarize  our  main  results 
for  native  defects  in  Section  3.  In  Section  4  we  will  discuss  n-type  doping  and  the  behavior 
of  oxygen  and  silicon.  A  major  concern  for  optoelectronic  devices  is  the  presence  of  alternate 
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recombination  channels,  such  as  the  “yellow  luminescence”  (YL),  which  occurs  mainly  m  n-type 
GaN.  Gallium  vacancies  are  the  most  likely  source  of  this  YL  [9]. 

n-type  doping  of  GaN  has  become  possible  through  a  post-growth  activation  step  in  MOCVD- 
grown  material.  Hydrogen  plays  a  crucial  role  in  this  process.  The  behavior  of  hydrogen  in 
GaN  is  broadly  similar  to  that  in  other  semiconductors,  including  the  stability  of  H  m  p- 
type  material  and  the  negative-C/  character  (in  this  case  with  a  very  large  magnitude  of  U) 
[10, 1 1] .  Intriguing  differences  occur,  however,  for  instance  in  the  structure  of  hydrogen-acceptor 
complexes.  In  Section  5  we  will  summarize  results  for  hydrogen  in  GaN.  Results  for  interactions 
between  hydrogen  and  native  defects  will  also  be  presented. 

The  specific  role  of  hydrogen  in  p-type  doping  will  be  addressed  m  Section  6.  This  section  also 
discusses  other  aspects  of  acceptor  doping  in  GaN.  p-type  doping  levels  are  still  lower  than 
desirable  for  low-resistance  cladding  layers  and  ohmic  contacts.  Achieving  higher  hole  concen¬ 
trations  with  Mg  as  the  dopant  has  proved  difficult;  various  explanations  have  been  proposed 
for  this  limitation.  Our  investigations  of  compensation  mechanisms  [12]  have  revealed  that  the 
determining  factor  is  the  solubility  of  Mg  in  GaN,  which  is  limited  by  competition  between 
incorporation  of  Mg  acceptors  and  formation  of  MggNj;  incorporation  of  Mg  on  interstitial  or 
substitutional  nitrogen  sites  was  found  to  be  unfavorable.  We  will  also  discuss  the  prospects 
of  other  acceptor  impurities  for  achieving  higher  doping  levels  [13].  We  have  also  studied  the 
interaction  between  0  and  Mg  acceptors.  The  presence  of  oxygen  during  growth  is  detrimental 
to  achieving  p-type  doping  in  the  nitrides. 


2.  Theoretical  approach 

Key  parameters  in  our  approach  are  obtained  from  first-principles  calculations  that  do  not  re¬ 
quire  any  adjustable  parameters  or  any  input  from  experiment.  The  computations  are  founded 
on  density-functional  theory  [14],  using  a  supercell  geometry  and  soft  Troulher-Martms  pseu¬ 
dopotentials  [15].  The  effect  of  d  electrons  in  GaN  is  taken  into  account  either  through  the 
so-called  non-linear  core  correction  [16]  or  by  explicit  inclusion  of  the  d  electrons  as  valence 
electrons;  the  latter  proved  to  be  necessary  for  obtaining  accurate  results  in  certain  cases  [17]. 
Further  details  of  the  computational  approach  can  be  found  in  Refs.  [6],  [18],  and  [19] 

A  key  quantity  describing  the  behavior  of  defects  and  impurities  is  their  formation  energy,  . 
The  formation  energy  determines  the  equilibrium  concentration  of  impurities  or  native  defects 

according  to  the  expression  /in 

c  =  A'.itesexp-®'/*^^  (1) 

where  iV.ites  is  the  number  of  sites  the  defect  or  impurity  can  be  incorporated  on,  kg  the 
Boltzmann  constant,  and  T  the  temperature.  Equation.  (1)  shows  that  defects  with  a  high 
formation  energy  will  occur  in  low  concentrations. 

The  formation  energy  is  not  a  constant  but  depends  on  the  growth  conditions.  For  example, 
the  formation  energy  of  an  oxygen  donor  is  determined  by  the  relative  abundance  of  0,  Ga, 
and  N  atoms,  as  expressed  by  the  chemical  potentials  jj.o,  /iQa  and  yn,  respectively.  It  the 
0  donor  is  charged  (as  is  expected  when  it  has  donated  its  electron),  the  formation  energy 
depends  further  on  the  Fermi  level  {Ef),  which  acts  as  a  reservoir  for  electrons.  Forming  a 
substitutional  O  donor  requires  the  removal  of  one  N  atom  and  the  addition  of  one  0  atom; 
the  formation  energy  is  therefore; 

E^(GaN:0^)  =  Etot(GaN:0?j)  -iio  +  m  + 


(2) 
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where  i^totCGaN:©^)  is  the  total  energy  derived  from  a  calculation  for  substitutional  O,  and  q 
is  the  charge  state  of  the  0  donor.  Ep  is  the  Fermi  level.  Similar  expressions  apply  to  other 
impurities  and  to  the  various  native  defects.  We  refer  to  Refs.  [6]  and  [20]  for  a  more  complete 
discussion  of  formation  energies  and  their  dependence  on  chemical  potentials. 

Note  that  the  Fermi  level  Ep  is  not  an  independent  parameter,  but  is  determined  by  the 
condition  of  charge  neutrality.  However,  it  is  informative  to  plot  formation  energies  as  a  function 
of  Ep  in  order  to  examine  the  behavior  of  defects  and  impurities  when  the  doping  level  changes. 
As  for  the  chemical  potentials,  these  are  variables  which  depend  on  the  details  of  the  growth 
conditions.  For  ease  of  presentation,  we  set  these  chemical  potentials  to  fixed  values  in  the 
figures  shown  below;  however,  a  general  case  can  always  be  addressed  by  referring  back  to 
Eq.  (2).  The  fixed  values  we  have  chosen  correspond  to  Ga-rich  conditions  [poa  =  PGa(buik)],  and 
to  maximum  incorporation  of  the  various  impurities,  with  solubilities  determined  by  equilibrium 
with  Ga203,  Si3N4,  and  Mg2N3. 

3.  Native  defects 

Our  first-principles  results  for  native  defects  were  described  in  detail  in  Ref.  [21].  One  general 
conclusion  is  that  self-interstitial  and  antisite  defects  are  high-energy  defects  in  GaN,  and  are 
thus  unlikely  to  occur.  Nitrogen  vacancies  (Vn)  behave  as  donors,  which  means  that  their 
formation  energy  is  higher  in  n-type  material  than  in  p-type  [see  Eq.  (2)].  Nitrogen  vacancies 
are  therefore  unlikely  to  form  in  n-type  GaN,  and  hence  they  cannot  be  responsible  for  n- 
type  conductivity.  The  low  formation  energy  of  Vn  in  p-type  GaN,  however,  makes  it  a  likely 
compensating  center  for  acceptor  doping,  as  will  be  discussed  in  Section  6.  In  n-type  GaN  the 
lowest-energy  native  defect  is  the  gallium  vacancy  (Vca),  a  triple  acceptor.  This  defect  plays 
a  role  in  donor  compensation,  as  well  as  in  the  frequently  observed  yellow  luminescence.  Both 
aspects  will  be  discussed  in  the  next  section. 


4.  n-type  doping 


Figure  1  summarizes  our  results  for  native  defects  and  impurities  relevant  for  n-type  doping. 
As  discussed  in  Section  3,  nitrogen  vacancies  have  too  high  a  formation  energy  to  be  responsible 
for  n-type  conductivity  in  GaN.  In  contrast.  Fig.  1  shows  that  0  and  Si  have  relatively  low 
formation  energies  in  n-type  GaN,  and  can  thus  be  readily  incorporated.  Both  0  and  Si  form 
shallow  donors  in  GaN.  The  slope  of  the  lines  in  Fig.  1  indicates  the  charge  state  of  the  defect 
or  impurity  [see  Eq.  (2)]:  Sioa,  On,  and  14  all  appear  with  slope  -fl,  indicating  single  donors. 


Ep(eV) 


Figure  1:  Formation  energy  vs. 
Fermi  energy  for  native  defects 
(nitrogen  and  gallium  vacancies), 
donors  (oxygen  and  silicon)  and  the 
Vba-ON  complex.  The  zero  of  Fermi 
energy  is  located  at  the  top  of  the 
valence  band. 


22 


Defects  in  Semiconductors  -  iCDS-19 


Oxygen  had  been  considered  a  potential  source  of  n-type  conductivity  in  GaN  by  Seifert  et  at. 
[22]  and  by  Chung  and  Gershenzon  [23].  Still,  the  prevailing  conventional  wisdom,  attribut¬ 
ing  the  n-type  behavior  to  nitrogen  vacancies,  proved  hard  to  overcome.  Recent  experiments 
have  now  confirmed  that  unintentionally  doped  n-type  GaN  samples  contain  silicon  or  oxygen 
concentrations  high  enough  to  explain  the  electron  concentrations.  G6tz  et  at.  [24]  reported 
electrical  characterization  of  intentionally  Si-doped  as  well  as  unintentionally  doped  samples, 
and  concluded  that  the  n-type  conductivity  in  the  latter  was  due  to  silicon.  Gotz  et  at.  have  also 
recently  carried  out  SIMS  (secondary-ion  mass  spectroscopy)  and  electrical  measurements  on 
hydride  vapor  phase  epitaxy  (HVPE)  material,  finding  levels  of  oxygen  or  silicon  in  agreement 
with  the  electron  concentration  [25]. 

High  levels  of  n-type  conductivity  have  always  been  found  in  GaN  bulk  crystals  grown  at  high 
temperature  and  high  pressure  [26].  It  has  recently  been  established  that  the  characteristics  of 
these  samples  (obtained  from  high-pressure  studies)  are  very  similar  to  epitaxial  films  which  are 
intentionally  doped  with  oxygen  [27,  28].  The  n-type  conductivity  of  bulk  GaN  can  therefore 
be  attributed  to  unintentional  oxygen  incorporation.  The  high-pressure  experiments  have  also 
shown  that  freezeout  of  carriers  occurs  at  pressures  exceeding  20  GPa  [8,  26,  28,  29].  Originally 
this  observation  was  interpreted  as  consistent  with  the  presence  of  nitrogen  vacancies,  since 
the  Vn  donor  gives  rise  to  a  resonance  in  the  conduction  band,  which  emerges  into  the  band 
gap  under  pressure.  However,  the  observations  are  also  entirely  consistent  with  a  “DX-like” 
behavior  of  the  oxygen  donor. 

We  have  carried  out  extensive  calculations  for  oxygen  in  GaN  under  pressure,  as  well  as  in 
AlGaN  alloys  [30].  Under  compression  the  oxygen  impurity  assumes  an  off-center  configura¬ 
tion;  a  large  outward  relaxation  introduces  a  deep  level  in  the  band  gap  [31].  This  behavior 
explains  the  carrier  freezeout  in  GaN  under  pressure.  Silicon  donors  do  not  exhibit  this  transi¬ 
tion,  consistent  with  experiment  [8].  Alloying  with  AIN  increases  the  band  gap  similar  to  the 
application  of  hydrostatic  pressure;  one  therefore  expects  that  the  behavior  of  the  impurities 
in  AlGaN  would  be  similar  to  that  in  GaN  under  pressure.  Explicit  calculations  for  oxygen  m 
AIN  indeed  produce  DX  behavior  [30].  These  results  are  consistent  with  the  observed  decrease 
in  n-type  conductivity  of  unintentionally  doped  AlxGai_,cN  as  x  >  0.4  [32]. 

As  a  final  comment  on  Fig.  1  we  note  that  gallium  vacancies  (UqJ)  have  relatively  low  formation 
energies  in  highly  doped  n-type  material  {Ef  high  in  the  gap);  they  could  therefore  act  as 
compensating  centers.  Yi  and  Wessels  [33]  have  found  evidence  of  compensation  by  a  triply 
charged  defect  in  Se-doped  GaN.  We  have  also  proposed  that  gallium  vacancies  are  responsible 
for  the  “yellow  luminescence”  (YL)  in  GaN,  a  broad  luminescence  band  centered  around  2.2  eV 
[9].  The  origins  of  the  YL  have  been  extensively  debated;  as  discussed  in  Refs.  [9]  and  [34],  the 
calculated  properties  of  the  gallium  vacancy  are  in  good  agreement  with  experimental  results. 


5.  Hydrogen 

Hydrogen  also  has  strong  effects  on  the  properties  of  GaN.  Many  growth  techniques,  such  as 
metal-organic  chemical  vapor  deposition  (MOCVD)  or  hydride  vapor  phase  epitaxy  (HVPE) 
introduce  large  concentrations  of  hydrogen  in  the  growing  material.  The  behavior  of  hydrogen 
in  GaN  was  analyzed  in  detail  in  Refs.  [10]  and  [11].  We  found  that  hydrogen  incorporates  more 
readily  in  p-type  than  in  n-type  GaN.  In  p-type  GaN  H  behaves  as  a  donor  (H+),  compensating 
acceptors.  Hydrogen  can  bind  to  the  Mg  acceptors  with  a  binding  energy  of  0.7  eV.  The 
structure  of  the  resulting  complex  is  unusual  in  that  H  does  not  sit  next  to  the  Mg,  but 
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actually  binds  to  a  N  atom  which  is  a  neighbor  of  the  acceptor.  As  a  direct  consequence  the 
vibrational  frequency  of  the  complex  is  not  representative  of  a  Ga-H  bond,  but  rather  of  a 
N-H  bond.  The  calculated  vibrational  frequency  is  3360  cm“^.  This  value  does  not  include 
anharmonic  effects;  these  may  lower  the  frequency  considerably  in  the  case  of  N-H  vibrations, 
by  as  much  as  170  cm“^  [35].  G5tz  et  al.  [36]  have  reported  a  value  of  3125  cm“^  for  this  local 
vibrational  mode. 

We  have  recently  also  studied  the  interactions  of  hydrogen  with  native  point  defects  in  GaN  [37]. 
Since  antisites  and  self-interstitials  are  very  unlikely  to  form  in  GaN  (see  Section  3)  we  have 
focused  on  H  interacting  with  vacancies.  This  interaction  is  often  described  in  terms  of  tying 
off  of  dangling  bonds.  This  picture  does  not  apply  in  the  case  of  the  nitrogen  vacancy,  which  is 
surrounded  by  Ga  atoms  at  a  distance  of  1.95  A  from  the  center  of  the  vacancy;  a  typical  Ga-H 
bond  distance  is  too  large  for  more  than  one  H  to  fit  inside  the  vacancy.  The  calculated  binding 
energy  of  the  (kNH)^+  complex,  expressed  with  respect  to  interstitial  H  in  the  positive  charge 
state,  is  1.56  eV;  the  formation  energy  of  this  complex  is  included  in  Fig.  2.  We  have  proposed 
that  this  complex  is  involved  in  the  appearance  and  disappearance  of  photoluminescence  (PL) 
lines  during  post-growth  annealing  of  Mg-doped  layers  grown  by  MOCVD  [38]. 

For  the  Ga  vacancy  (Vca),  we  find  that  one,  two,  three  or  four  H  atoms  can  be  accommodated 
in  the  vacancy,  and  levels  are  removed  from  the  band  gap  as  more  hydrogens  are  attached. 
Distinct  N-H  bonds  are  formed,  with  a  bond  length  of  about  1.02  A  and  vibrational  modes 
between  3100  cm”^  and  3500  cm”^.  Hydrogenated  gallium  vacancies  with  one  or  two  H  atoms 
behave  in  much  the  same  way  as  the  unhydrogenated  kind;  they  may  therefore  contribute  to 
compensation  of  donors  as  well  as  to  the  yellow  luminescence. 

6.  j3-type  doping 

Magnesium  has  emerged  as  the  acceptor  dopant  of  choice  in  GaN.  It  has  been  found,  however, 
that  hole  concentrations  obtained  with  Mg  doping  are  limited.  In  addition,  it  is  well  known 
that  Mg-doped  GaN  grown  by  MOCVD  needs  to  be  subjected  to  post-growth  treatments  such 
as  low-energy  electron-beam  irradiation  [39]  or  thermal  annealing  [40]  in  order  to  activate  the 
acceptors.  All  of  these  features  can  be  addressed  by  our  first-principles  results,  which  are 
summarized  in  Fig.  2. 

The  Mg  acceptor  (Mgoa)  has  a  low  enough  formation  energy  to  be  incorporated  readily  in  GaN. 
We  have  also  investigated  other  positions  of  Mg  in  the  lattice,  such  as  on  substitutional  N  sites 
(MgN)  and  on  interstitial  sites  (Mg,),  always  finding  much  larger  formation  energies  [12].  We 
therefore  conclude  that  Mg  overwhelmingly  prefers  the  Ga  site  in  GaN,  the  main  competition 
being  with  formation  of  Mg2N3,  which  is  the  solubility-limiting  phase.  It  would  be  interesting 
to  investigate  experimentally  whether  traces  of  Mg2N3  can  be  found  in  highly  Mg-doped  GaN. 

Other  potential  sources  of  compensation  are  also  illustrated  in  Fig.  2.  The  nitrogen  vacancy, 
which  had  a  high  formation  energy  in  n-type  GaN  (see  Fig.  1),  has  a  significantly  lower  forma¬ 
tion  energy  in  p-type  material,  and  could  act  as  a  compensating  center.  Figure  2  shows  that  Vn 
can  occur  in  a  3-|-  as  well  as  a  -j-  charge  state;  the  -|-/3-f-  transition  is  characterized  by  a  large 
lattice  relaxation  [21].  Compensation  by  nitrogen  vacancies  may  therefore  be  responsible  for 
the  observed  persistent  photoconductivity  effects  [41].  The  metastability  is  associated  with  the 
different  position  of  the  Ai  state  near  the  valence  band  in  the  -|-1  and  4-3  charge  states;  this 
state  is  occupied  with  two  electrons  the  -f  1  charge  state,  and  empty  for  the  3-f  charge  state. 
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Figure  2:  Formation  energy  as 
a  function  of  Fermi  level  for  Mg 
in  different  configurations  (Ga- 
substitutional,  N-substitutional, 
and  interstitial  configuration). 
Also  included  are  the  native  defects 
and  interstitial  H. 

0 


Figure  2  also  shows  that  hydrogen,  when  present,  has  a  formation  energy  much  lower  than  that 
of  the  nitrogen  vacancy.  In  growth  situations  where  hydrogen  is  present  (such  as  MOCVD  or 
HVPE)  Mg-doped  material  will  preferentially  be  compensated  by  hydrogen,  and  compensation 
by  nitrogen  vacancies  will  be  suppressed.  The  presence  of  hydrogen  is  therefore  beneficial 
-  at  the  expense,  of  course,  of  obtaining  material  that  is  heavily  compensated  by  hydrogen! 
Fortunately,  the  hydrogen  can  be  removed  from  the  active  region  by  treatments  such  as  low- 
energy  electron-beam  irradiation  [39]  or  thermal  annealing  [40] .  A  more  complete  discussion  of 
the  role  of  hydrogen  in  GaN  is  given  in  Refs.  [10]  and  [11]. 

For  Mg,  we  thus  conclude  that  achievable  doping  levels  are  mainly  limited  by  the  solubility  of 
Mg  in  GaN.  We  have  investigated  other  candidate  acceptor  impurities,  and  evaluated  thein  in 
terms  of  solubility,  shallow  vs.  deep  character,  and  potential  compensation  due  to  incorporation 
on  other  sites  [13].  None  of  the  candidate  impurities  exhibited  characteristics  exceeding  those 
of  Mg.  In  particular,  we  perceive  no  noticeable  advantage  in  the  use  of  Be,  which  has  been 
suggested  as  a  superior  dopant. 

Last  but  not  least  we  note  the  importance  of  avoiding  any  type  of  contamination  during  growth 
of  p-type  GaN.  For  instance,  the  oxygen  formation  energy  shown  in  Fig.  1  clearly  extrapolates 
to  very  low  values  in  p-type  GaN.  Any  oxygen  present  in  the  growth  system  will  therefore  be 
readily  incorporated  during  p-type  growth.  In  addition,  complex  formation  between  oxygen  and 
magnesium  can  make  oxygen  incorporation  even  more  favorable:  we  find  that  oxygen  binds  to 
Mg  with  a  binding  energy  of  0.6  eV. 

7.  Conclusions 

To  maintain  the  rapid  progress  in  development  of  GaN-based  devices,  a  fundamental  under¬ 
standing  is  required  of  the  behavior  of  point  defects  and  dopants.  First-principles  calculations 
can  greatly  assist  in  providing  a  framework  for  understanding  doping  problems.  Specific  re¬ 
sults  for  donor  and  acceptor  doping  have  been  presented  in  this  paper.  The  main  conclusions 
for  n-type  GaN  are  that  (i)  nitrogen  vacancies  are  not  responsible  for  unintentional  n-type 
conductivity;  (ii)  Si  and  0  donors  can  be  incorporated  in  large  concentrations,  likely  causing 
unintentional  n-type  doping;  (iii)  oxygen  (but  not  silicon)  behaves  as  a  DX  center  in  GaN  un¬ 
der  pressure  and  in  AlGaN  alloys;  and  (iv)  gallium  vacancies  are  the  likely  source  of  the  yellow 
luminescence.  For  p-type  GaN  we  found  that  (i)  Mg  is  still  the  acceptor  of  choice;  (ii)  the 
resulting  hole  concentration  is  limited  due  to  Mg  solubility;  (iii)  incorporation  of  Mg  on  inter¬ 
stitial  sites  or  antisites  is  not  a  problem;  (iv)  hydrogen  has  a  beneficial  effect  on  p-type  doping 
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because  it  suppresses  compensation  and  enhances  acceptor  incorporation;  and  (v)  compensa¬ 
tion  by  nitrogen  vacancies  may  occur,  likely  causing  the  observed  persistent  photoconductivity. 
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Abstract  This  paper  sums  up  some  of  the  ideas  and  implications  of  recent  work  on  defects  in 
semiconductors.  The  developments  are  reviewed  under  the  various  driving  forces  in  micro¬ 
electronics:  Ultimate  miniaturisation;  Ultimate  speed;  Minimum  power  for  operation;  Reliability 
of  the  processes  producing  microelectronic  components;  Reliability  of  these  components  in 
performance;  and  the  photonics  link,  photonics  meaning  that  which  can  be  done  with  lasers,  optical 
fibres,  etc.,  whether  exploiting  intensity,  coherence,  control  of  duration,  or  control  of  polarisation. 

Introduction 

We  all  know  that  the  main  driving  forces  in  semiconductor  applications  have  come  fiom 
microelectronics,  and  especially  fi^omthe  infonnation  technologies  and  communications.  We  should 
be  just  as  clear  how  fast  these  changes  happen.  25  years  ago,  the  largest  computers  had  a  capability 
similar  to  a  PC.  10  years  ago,  many  people  did  not  even  have  a  PC,  none  had  portables,  and  few 
had  serious  graphics;  5  years  ago,  there  was  no  World  Wide  Web.  These  are  not  casual  examples, 
nor  even  unique  to  the  last  few  years. 

The  1860  Pony  Express  over  the  Rockies  was  superseded  by  the  telegraph  in  the  following  year. 
Many  1970  predictions  of  electronics  c.  1995.  Moore's  famous  ‘Taw”  for  the  doubling  time  for  the 
number  of  devices  on  a  chip  is  not  what  it  was  (12  months  in  the  1960s,  18  months  in  the  mid 
1980s,  24  months  in  tlie  1990s,  and  perhaps  36  mouths  over  tlie  next  10  years)  but  is  still  veiy 
impressive  [1].  Nor  should  one  doubt  the  changes  in  communications:  the  Cu  of  the  1970s  (1200 
repeaters  to  span  the  Atlantic,  one  every  4km ,  with  144  Mb/s)  was  vastly  inferior  to  glass  fibres 
with  Er  amplifiers  (80  repeaters,  one  every  100km;  10*  Mb/s).  Just  as  one  should  not  doubt  tlie 
speed  of  change,  one  should  not  ignore  the  implications  for  materials,  or  for  the  defects  or  dopants 
which  control  their  behaviour. 

We  can  hardly  doubt  that  these  developments  in  microelectronics  affect  tlie  questions  which  we 
shoidd  ask  about  defects  in  semiconductors,  since  these  defects  (in  the  most  general  sense)  often 
decide  what  is  possible.  Defect  control  underlies  both  processing  and  performance  of 
semiconductor  devices.  When  microelectronics  and  its  applications  change,  this  should  impact  on 
what  we  do,  especially  if  we  are  training  students  responsibly  for  the  challenges  of  the  next  centuiy. 
How  well  is  the  science  and  application  of  defects  and  defect  processes  responding  to  changes  in 
microelectronics? 

Technology  as  a  push  to  new  ideas 

The  semiconductor  industry  has  a  Roadmap  [2],  the  iudustiys  best  (or,  at  least,  infonned) 
judgements  of  achievable  trends.  For  example  [3],  "The  rate  of  new  materials  adoption  is  a  looming 
problem  ...  perhaps  fom  new  materials  at  each  of  the  0.18m  and  0.13m  levels  ..."  The  science  of 
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defects  in  senucouductors  should  provide  the  understanding  and  the  capabilities  for  the  industry  in 
the  early  years  of  the  21st  century.  This  year’s  science  is  the  engineeilng  of  the  next  decade.  Are  we 
bemg  successfiJ?  If  not,  is  that  because  technology  has  solved  the  problems  and  is  getting  on  with 
the  job?  Or  is  it  because  we  haven't  defined  the  right  questions?  Even  worse,  could  it  be  drat  we 
aren't  smart  enougli? 

If  the  context  is  microelectronics,  then  what  are  the  major  issues?  This  is  an  open-ended  question, 
but  certainly  for  microelectronics  the  issues  include  the  following: 

-  Ultimate  miniaturisation; 

-  Ultimate  speed; 

-  Minimum  power  for  operation; 

-  Reliability  of  the  processes  producing  microelectronic  components; 

-  Reliability  of  these  comjmuents  in  performance; 

-  Tlie  photonics  link.  By  photonics  I  mean  anytliiiig  that  can  be  done  with  lasers,  optical  fibres,  and 
so  on,  whether  exidoiting  intensity,  coherence,  control  of  duration,  or  control  of  polarisation. 

The  scientific  emphasis  is  different,  and  rightly  so.  There  are  new  (or  newish)  ideas,  some  of  which 
may  lead  to  major  new  developments.  These  miglit  include  self-organisation,  metastability, 
recombination-enhanced  processes  and  other  non-equilibrium  phenomena,  a  wide  range  of  uon- 
radiative  transitions,  quantum  eflfects  (variously  defined),  and  those  features  Uke  alloy  disorder  and 
the  local  electric  fields  which  become  important  for  veiy  small  region  sizes  or  for  nanodots  (which 
need  not  have  high  symmetry,  contrary  to  the  wishes  of  many  theorists). 

Again,  it  is  useful  to  look  back.  The  science  base  has  brought  methods,  msights  and  understanding  - 
how  has  it  been  used?  One  contribution  which  basic  semiconductor  science  makes  is  clearly 
through  the  scientists  and  technologists  which  it  trains.  Education  and  skill  development  are  still 
major  contributions  firora  national  laboratories  as  well  as  universities;  moreover,  there  is  a  predicted 
shortage  of  trained  staff  in  areas  of  chip  manufacture.  But  what  of  imderstanding?  Often,  the 
industry  uses  knowledge  to  avoid  an  issue  [4].  Wlio  now  worries  about  the  impurities  which 
plagued  silicon  in  the  1960s?  Who  worries  about  dislocations  in  standard  Si  (which  are  still  a 
challenge  for  the  nitrides  or  for  Si/Ge)?  What  happened  to  swirl  defects?  All  these  seem  to  have 
gone,  because  technology  found  a  way  round  the  problems.  Understanding  speeded  that  solution, 
and  gave  confidence  that  nothing  worse  was  likely,  but  most  of  the  solution  was  complete  before 
the  science  was  fully  established.  So,  what  of  more  recent  challenges?  Wliat  has  happened  to  DX 
and  EL2?  Mainly,  these  have  been  eliminated  by  restricting  the  range  of  compositions  used,  i.e.  by 
tire  systematics,  rather  than  the  interpretation,  of  the  defects.  Wlrat  about  diffusion  in  silicon,  a 
problem  which  becoming  even  more  important  as  device  featm  es  become  smaller  (and  we  must 
remember  that  98%  of  the  microelectrorrics  applications  use  silicon,  not  compotuid 
semiconductors)?  Despite  some  excellent  work,  this  particular  major  issue  of  semiconductor  defect 
science  is  neither  fully  understood  nor  evident  as  a  major  theme  in  semiconductor  studies.  [5]  Ate 
tltese  problertrs  too  hard  for  us?  Or  are  they  being  reported  at  other  meetings? 

hr  the  following  sections,  I  shall  mention  some  of  the  ideas  and  themes  at  the  present  meeting.  My 
aim  is  to  identify  issues,  rather  than  to  review  what  could  hardly  hope  to  be  more  than  and 
incomplete  and  personal  smvey. 
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The  theme  of  miniaturisatiou  takes  diflerent  forms  according  to  the  number  of  dimensions  which 
are  seriously  small:  dots,  lines,  and  layers  show  different  problems. 

Miniaturisation  impUes  rephcation.  Conventional  processing  looks  uiadequate  for  ultimate 
miniaturisation,  and  this  has  stimulated  ideas.  Eaglediam  [5]  observes  that,  by  1999,  the  critical 
dimensions  in  silicon  devices  will  be  90nm,  and  that  this  is  about  the  same  distance  as  defects  move 
in  the  transient  enhanced  diffusion  (TED)  which  occms  in  typical  manufactming  processes.  He 
remarks  as  well  that  silicon  interstitial  diffusion  rates  derived  (whether  from  tlieoiy  or  experiment) 
differ  by  many  orders  of  magnitude.  The  cmrent  approaches  of  extrapolation  are  not  likely  to  be 
rehable  for  the  smaller  firture  devices,  where  lower-energy  implantation  will  be  needed.  DiffUsion- 
controlled  phenomena  could  well  limit  firture  processing  developments  and  device  operation.  Yet, 
as  noted  above,  even  for  one  of  the  most  basic  defects  in  the  dominant  material,  we  have  serious 
gaps  in  our  knowledge. 

Special  effects  in  nanodots  Some  of  the  effects  are  loosely  associated  with  confinement:  charge  is 
quantised,  so  there  are  single-electron  effects;  Planck’s  constant  is  not  zero,  so  we  must  remember 
that  electrons  are  waves.  The  charge  quantisation  condition  for  single-electron  devices.  For  these, 
electrostatic  energies  are  central,  and  the  radii  imply  dots  of  perhaps  10,000-20,000  atoms.  The 
exciton  confinement  condition  for  optical  switching  6voms  smaller  dots,  of  perhaps  200-500 
atoms.  Fabrication  is  daunting  by  conventional  methods.  There  prove  to  be  many  ways  of  makuig 
dots,  from  biological  and  chemical  to  self-assembly.  Could  self-organisation  of  nanoscale  structures 
at  semiconductor  surfaces  (plus  continued  controlled  deposition  of  material)  be  the  answer? 
Scheffler’s  discussion  [6]  suggested  one  can  indeed  ex])loit  the  elastic  energies  and  their 
competition  with  interfacial  energies  in  these  highly  inliomogeueous  systems.  Tlie  preparative 
methods  emerging  will  always  be  opportunistic  to  some  degree,  since  there  are  many  processes 
which  can  compete  with  self-organisation,  and  these  can  be  sensitive  to  details  of  temperature  and 
deposition  rates.  Theory  is  showing  the  potential  to  be  a  quantitative  guide. 

Once  the  dots  have  been  created,  what  do  they  do  which  is  more  than  one  of  the  confinement 
effects  mentioned  above?  They  may  have  excited  state  mstabilities,  partly  because  confinement 
leads  to  larger  energy  localisation,  and  the  sur&ce  will  often  have  sites  for  easy  defect  generation. 
This  quahtative  argument  seems  to  be  tme  in  some  cases,  at  least.  Caldas  [7],  m  showing  this  for 
optically-induced  defects  in  Si:H,  also  demonstrated  how  good  computer  experiments  can  point  to 
phenomena  (like  new  sorts  of  relaxed  excited  states)  wliich  were  not  anticipated.  Dots  also  show 
novel  features  because  of  their  sitrface  elastic  conditions  (no  shear  stresses  for  a  fr  ee  dot,  for 
example);  this  has  consequences  for  exciton  dynamics,  rather  than  defect  dynamics  [8]. 

Ultrafme  lines  The  scanning  probe  naicroscopies  are  beginnhig  to  have  impact,  and  the 
exploitation  of  an  STM  to  write  on  a  hydrogen-saturated  siuface  is  fascinating.  It  is  less  clear 
whether  it  will  ever  provide  writing  at  sirffrcient  speed  to  offer  a  new  and  practical  hthography  [9]. 
Self-organisation  takes  now  fonns  for  lines  [10]  and  it  will  be  good  to  see  how  these  ideas  develop. 

Thin  layers  Molecular  Beam  Epitaxy  (MBE)  is  a  matme  technology,  although  with  much  to  be 
done  in  the  control  needed  for  delta-doping  or  for  alloy  strain  layers  like  SiGe.  Intrinsic  modulation 
doping  was  reported  for  LiP  [11];  defects  in  SiGe  were  surveyed  in  [12]  and  [13]. 

The  general  issues  emerging  in  all  these  forms  seem  to  be  these.  First,  elastic  energies  are 
important.  Stress/strain  and  fields  can  drive  migration,  as  well  as  determining  which  stinctuie  is 
fevoured.  Secondly,  since  strain  energies  are  important,  dislocations  are  a  concern.  Tliis  was 
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evident  iu  the  work  on  strain-relaxed  SiGe  strain  layers  [13].  Dislocation-related  states  lean  result. 
Thirdly,  when  one  attempts  baud  gap  eugiueeriug,  it  is  natmal  to  exploit  alloys  (like  SiGe,  or 
AlGaAs).  As  scales  become  smaller,  so  do  alloy  fluctuations  become  a  problem.  Fourthly,  low¬ 
dimensional  systems  have  instabilities  which  aie  not  always  evident  fiom  larger  systems.  This  means 
that  efifects  often  neglected,  like  quantum  effects  (including  zero  point  motion)  may  matter. 

Nanodefects  If  a  quantum  dot  is  created,  comprising  perhaps  200  atoms,  will  a  simple  point 
defect  (adatom,  vacancy,  interstitial)  affect  the  performance?  It  is  clear  that  a  charged  defect  will 
affect  matters;  the  electric  field  will  separate  the  electron  and  hole  of  an  exciton,  and  certainly 
influence  recombination.  Certain  other  defects  might  reasonably  be  called  uauodefects,  these  being 
defects  on  the  scale  of  some  of  the  nano-features  (and  clearly  larger  than  point  defects).  Examples 
illustrate  pai'aUels  with  other  nano-phenomena,  and  include  nanotubes  in  GaN  [14]  and  an  array  of 
nanoholes  [15]  on  an  Si  surface,  showing  some  degree  of  self- organisation  under  an  electron  beam. 
Self-organisation  iu  three  dimensions  under  iiTadiatiou  is  well  known  through  the  void  lattice  [16]. 


Ultimate  Speed 

Less  was  said  expUcitly  about  enhancing  the  speed  of  operation  of  microelectronic  devices.  Many 
possible  limits  can  be  recognised;  carrier  mobihty  limits,  excited  state  dynamics  limits,  electron- 
electron  scatter  limits,  phonon  vibration  lunits,  and  even  excited  state  coherence  hmits.  High 
electron  velocities  imply  large  mobilities  and  the  largest  acceptable  electric  fields;  it  was  perhaps 
surprising  that  httle  was  said  about  the  insulation  and  dielectric  problems  imphed. 

The  benefits  of  modidatiou  doping  were  noted,  including  intrinsic  modulation  doping  [11].  One 
remaining  limit  on  speed  comes  from  remote  charged  defects,  such  as  those  iu  layers  other  than  that 
in  which  carrier  transport  is  occurring  [17].  New  materials,  such  as  isotopically-eugineered  Ge, 
permitted  [18]  a  reassesmeut  of  quantitative  models  for  ionised  impurity  scatter. 

Reliable  Processing 

We  cannot  ignore  economics,  either  the  capital  costs  of  fabrication  plants,  or  the  actual  process 
steps  (perhaps  tens  or  hundreds  of  steps).  Wafer  sizes  tend  to  incr  ease  to  give  similar  numbers  of 
devices  per  process  step.  Robust  processing  is  cmcial.  Falster  [19]  discussed  many  general  aspects 
of  the  behaviotrr  of  grown-in  point  defects  in  CZ-Si  and  their  importance  in  the  64Mbit  era  and 
beyond.  Some  of  the  more  sjrecific  processing  topics  irrclude  the  followittg: 

Exploiting  hydrogen  Hydrogen  has  many  virtues.  In  GaN  [20]  it  may  enhance  the  Mg  solubility, 
it  may  compensate,  or  it  may  suppress  N  vacancies  in  p-GaN.  It  can  act  as  a  passivator  irr 
lithography  for  ultrafiue  selective  oxidation  [9]  or  for  putting  dowrr  ultrafirre  metal  hires.  But  what 
can  be  said  with  certainty  about  H  in  c-Si?  20  years  ago,  the  answer  was  that  it  wasn’t  present,  and 
if  it  were  present,  it  couldn’t  be  seen.  In  1983,  we  [21]  showed  that  H2  was  significantly  mor  e 
stable  than  separate  H  atoms.  It  gradually  became  clear  that  there  were  alternative  competing 
forms  Recent  work  suggested  that  the  H2  molecide  had  indeed  been  seen,  but  with  a  Raman 
frequency  appropriate  for  the  vaccum,  rather  than  an  interstice  [22];.  The  view  emerging  seems  to 
be  that  the  moelcules  are  in  voids,  rather  than  interstices,  and  are  assoicated  with  H  platelets,  planar 
aggregates  of  hydrogen  [23]. 

Wonying  about  oxygen  Oxygen  does  not  shar  e  hydr  ogen’s  virtues.  It  is  still  a  major 
unsolved  source  of  worry  in  the  major  semiconductor.  Si..  Processing  defects,  like  the  thermal 
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donors,  is  better  documented  rather  than  better  understood  [24],  In  the  clustering  process,  is  O2  a 
rapid  difiiiser,  or  is  there  a  catalytic  process  related  to  O2  speeding  interstitial  Oj  hopping  [25]? 
Oxygen  is  also  a  potential  problem  in  GaN,  e.g.  as  a  donor  if  one  wants  p-GaN. 

Status  of  Fe  and  other  metals  The  Roadmap  [1]  demands  very  tight  controls  on  Fe  in  the 

not  too  distant  fiiture.  Achieving  this  needs  both  a  systematic  analysis  of  the  teudencey  to 
contamination,  gettering,  and  minority  carrier  lifetimes  for  given  thermal  histories  [26].  This 
analysis  identifies  the  need  for  progress  in  the  fimdamental  science  of  metal  adsorption  fiorn 
cleatring  solutions.  Electrochemistry  and  associated  surface  phetromena  are  again  critical. 

General  points  from  and  beyond  the  Roadmap  Obvious  fimdamerrtal  areas  include  the 

inrportance  of  surface  issues,  like  metal  adsorption,  thermal  budget  issues,  possible  alternative 
processes  like  low-temperatme  Si  epitaxy,  and  transients:  the  competition  between  equihbtitmr  atrd 
non-eqtrifibrium  process  steps.  The  Roadmap  is,  of  course,  not  comprehensive,  since  there  will 
always  be  new  science  and  unforseen  technology.  Such  topics  nright  include  whether  or  not 
scanning  probe  microscopies  will  develop  into  tools  valued  for  more  than  diagnostics.  Wlten  will  it 
make  sense  to  use  scanning  probe  methods?  How  could  we  exjrloit  the  ‘laboratory  on  a  tip”? 
Applications  may  be  either  the  scarming  probe  itself^  or  in  combination  with  other  methods,  cf  the 
use  of  positrons  and  the  STM  to  characterise  defects  in  highly-doped  GaAs:Si,  [27]  or  use  of 
infiared  and  STM  characterisation  [28].  Another  question  might  be  whether  Bose-Einstein 
condensates  ever  be  usefid  in  lithography?  Claims  are  often  made  by  those  with  condensates,  but  do 
not  yet  appear  credible. 

Reliability  in  Performance 

The  role  in  performance  ranges  from  effective  passivation  to  prolonging  high-performance  lifetime. 
The  improvements  on  replacing  protorric  H  by  D  in  gate  oxides  were  unpiessive,  allowiirg 
reductions  in  charmel  lengths  by  25%  with  no  performance  loss  [9]  The  oxide  is  not  itself  a 
semiconductor,  but  clearly  any  charge  trapping  in  the  gate  oxide  affects  charge  transport  irr  the 
adjacent  semiconductor.  Urrirrteuded  defects,  such  as  defect  clusters  in  Si,  also  impact  on  the 
performance  of  large  area  devices  [29]. 

In  operating  devices,  norr-radiative  transitions  are  often  turdesuable.  Tlrey  are  usually  less  rapid  in 
wide-gap  materials  (radiative  transition  rates  rise  as  the  trarrsitiorr  energy  rises;  norr-radiative  rates 
tend  to  fall,  since  a  gr  eater  number  of  phonons  is  needed)  but  more  uirportaut  whert  they  happetr, 
since  the  enrgy  released  is  greater  and  can  have  a  bigger  effect.  Metastable  states  and  alternative 
charge  states  are  mrdesirable;  errhauced  diffusion,  by  whatever  means,  is  a  problem,  lire  itopics  in 
these  areas  included  the  degradation  of  Il-VI  laser  diodes  [30],  arrion-site  vacartcies  as  donor  and 
acceptor-like  defects  [3 1],  and  the  way  that  an  H  plasma  affects  dislocation  motion  [32]. 

Low  power  operation  is  an  important  aim.  Moves  to  lower  power  operatioir;  heat  disposal  and 
temperatme  control  involve  the  natrrre  of  the  substr  ate  in  heat  dissipation,  as  well  as  the  active 
components  of  the  device.  Reduction  in  featrrre  sizes  affect  the  heat  fluxes  and  may  give 
opportunities  for  novel  approaches.  There  is  a  need  for  lower  dielectric  constant  insulators  for 
lower  power  consrrmption  (corresponding  to  low  CV^f ,  with  C  =  capacity,  V  =  voltage,  and  f  = 
frequency;  information  storage  can  need  the  opposit,  namely  higher  dielectric  constants).  Perhaps 
the  most  striking  illustration  of  lower  power  demands  comes  fiorn  outside  the  rrricroelectronics 
area.  Nitride  Ught-emitting  diodes  are  aheady  being  used  in  pilot  schemes  for  traffic  Ughts.  Tlris 
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application  was  achieved  without  our  understanding  and  preliminary  science,  which  should  give  us 
cause  for  concern. 

Radiation  damage  continues  to  be  both  a  means  of  processing  (e.g.,  N  implantation  into  ZnSe  [33] 
and  a  mechanism  for  defect  generation.  Predictions  of  the  evolution  of  vacancy  aggi  egates  [34] 
suggest  that  a  6-vacancy  in  silicon  drould  be  eqrecially  stable.  This  defect  will  surely  develop  into  a 
vacancy  loop  at  a  later  stage,  and  the  way  in  which  it  evolves  should  be  interesting. 

Identifications,  analytical  approaches  and  diagnostics 

These  are  the  tools  which  aid  the  solution  of  the  main  challenges.  Positron  annihilation  continues  to 
give  valuable  results,  such  as  the  correlation  of  positive  Ga  vacancies  in  GaN  witli  the  yellow 
luminescence.  If  these  positive  vacancies  do  correspond  to  removing  a  Ga+  ion  (so  they  conespond 
to  the  so-called  V°  centres  in  E-Vis),  and  if  the  yellow  luminescence  is  indeed  associated  with  the 
defect,  this  cannot  be  the  small  polaron  type  of  transition  known  fiom  absorption  exireirments  in  die 
n-VIs.  Scanning  probe  microscopies  have  been  most  successful  in  conjunction  with  other  methods, 
largely  because  STM/AFM  methods  do  not  have  a  good  spectroscopy.  Optically-detected  magnetic 
resonance  and  allied  methods  continue  to  be  a  powerful  methods  in  suitable  cases,  such  as  the 
ODMR  of  as-grown  and  electron-irradiated  GaN  and  AIN  [35]  and  electrically  arrd  optically 
detected  magnetic  resonance  in  GaN-based  LEDs  [36] 

Photonics 

Photonics  is  pushing  us  to  new  properties,  laser  techniques,  near-field  optics,  and  so  on.  Photonics 
implies  electronic  excited  states.  This  means  that  dififerent  tools  may  be  needed,  especially  for 
theorists.  The  moves  to  larger  energy  gaps  (as  for  nitrides)  mean  that  more  energy  is  localised,  and 
there  are  more  opportiurities  for  the  generation  or  propagation  of  defects.  There  ar  e  opporliuiities 
for  some  neat  defect  errgirieering,  and  especially  for  exploitatiorr  of  Er  [37].  Plrotorrics  has  its  own 
needs  for  fine-scale  stmctures,  here  meaning  those  such  as  tire  control  of  refractive  index  on  the 
scale  of  optical  wavelerrgths. 

Theory  and  understanding 

Tlreoty  works  at  several  levels:  to  give  a  framework;  to  scope  an  area;  to  provide  arr  accurate 
quantitative  tool  which  complements  experiment.  The  large  band  gaps  of  nitrides  imply  inrportarrt 
excited  state  phenomena,  as  aheady  noted.  Methods  which  cannot  tackle  these  phenornerra  (evert  if 
called  a  priori  or  first  principles)  need  to  do  better.  Other  developments  are  makittg  Ihiitgs  easier. 
The  smallest  units  (such  as  nanodots)  are  showing  more  interesting  phenomena  {h  firrite,  electrorrs 
as  waves,  alloy  fluctuations).  Fewer  atoms  should  mean  more  sophisticated  theory,  and  new 
chances  for  closer  interaction  with  experiment. 

Conclusions 

This  could  be  the  point  to  write  a  programme  for  the  next  few  years.  Tliis  I  will  rrot  do.  Surprises 
are  to  be  enjoyed  and  exploited,  not  suppressed.  “The  man  who  draws  up  a  programme  for  the 
firture”,  wrote  Karl  Marx  [38],  “is  a  reactionary.” 

1.  Dan  Rose  1997  Sohd  State  Technology,  March  1997  issue  p  45. 


Materials  Science  Forum  Vols.  258-263 


33 


2.  The  National  Technology  Roadmap  for  Semiconductors  1994  SIA  Semiconductor  Industry 
Association,  4300  Stevens  Creek  Bordevard,  San  Jose,  CA  95 129,  USA. 

3.  Dave  Anderson  1997  Solid  State  Technology,  March  1997  issue  p  57 

4.  L  C  Kimerliug  1991  MRS  Bulletin,  December  1991  issue,  p.42 

5.  See  the  special  issue  of  Physics  World  for  November  1995,  and  especially  the  articles  by  John 
Poate  (p.  15),  David  Eaglesham  (p.41)  and  Yoshio  Nishi  (p.25). 

6  M  Scheffler,  1997  this  meeting, 

7  M  J  Caldas,  1997  this  meeting. 

SAM  Stoneham,  1997,  submitted. 

9  J  Lydiug  1997,  this  meeting 

10  N  T  Bagraev  et  al,  1997,  this  meeting. 

1 1 W  M  Chert  et  al,  1997,  this  meeting. 

12  P  Ktinghoj  et  al,  1997,  this  meeting. 

13  PM  Mooney  and  Kai  Shrrm,  1997,  this  meeting. 

14  Z  Lillienthal-Weber  et  al,  1997,  this  meeting. 

15  S  Takeda,  1997,  this  meeting. 

16  A  M  Stoneham  1975  pps  1121-1235  of ‘Ttrudamerttal  Aspects  of  Radiation  Damage”  U  S 
ERDA-CONF  75 1006  (edited  M  T  Robinson  and  F  W  Yoiurg). 

17  D  Wasik  et  al,  1997,  this  meeting. 

18  K  M  Itoh  et  al,  1997,  this  meeting. 

19  R  Falster,  1997,  this  meeting. 

20  C  van  der  Walle,  1997,  this  meeting. 

21.  A  M  Mainwood  and  A  M  Stoneham  1983  Physica  116B  101-105;  A  M  Mainwood  and  A  M 
Stoneham  1984  J  Phys  C17  2513 

22  M  Kitajima,  1997,  this  meeting. 

23  A  W  R  Leitch  et  al,  1997,  this  meeting, 

24  R  Jones  (editor)  1996  “Early  stages  of  Oxygen  precipitation  in  Silicon”,  Dordrecht;  Khewer. 

25  S  A  McQuaid  and  R  Falster,  1997,  this  meeting. 

26  L  C  Kimerliug,  1997,  this  meeting. 

27  J  Gebauer  et  al,  1997,  this  meeting. 

28  R  C  Newman  et  al,  1997,  this  meeting. 

29  B  L  Sopoti  1997,  this  meeting. 

30  K  Nakano  and  A  Ishibashi  1997,  this  meeting. 

3 1 J  Chadi  1997,  this  meeting. 

32  Y  Yamashita  et  al,  1997,  this  meeting. 

33  K  Marbach  et  al,  1997,  this  meeting. 

34  S  Estreicher,  1997,  this  meeting. 

35  GD  Watkins  et  al,  1997,  this  meeting. 

36  W  E  Carlos  and  S  Nakamrrra  1997,  this  meeting. 

37  A  R  Peaker  et  al  1997,  this  meeting. 

38.  Karl  Marx,  letter  to  Beesley,  in  ‘Marx-Engels  Selected  Correspondence  1846-1895”,  translated 
Dona  Torr  1943  London:  Lawrence  and  Wishart;  quoted  by  Alan  Mackay  1977  “Die  Harvest  of  a 
Quiet  Eye”  Bristol;  Institute  of  Physics  Publishing. 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  35-40 
©1997  Trans  Tech  Publications,  Switzerland 


THE  HYDROGEN-SATURATED  SELF-INTERSTITIAL  IN 
SILICON  AND  GERMANIUM 

M.  Budde’,  B.  Bech  Nielsen*,  P.  Leary^  J.  Goss^,  R.  Jones^, 

P.R.  Briddon^,  S.  Oberg'*  and  S.J.  Brener^ 

'institute  of  Physics  and  Astronomy,  University  of  Aarhus,  Denmark 
^Department  of  Physics,  University  of  Exeter,  UK 
^Department  of  Physics,  University  of  Newcastle  upon  Tyne,  UK 
'^Department  of  Mathematics,  University  of  Lulea,  Sweden 
^Edinburgh  Parallel  Computing  Centre,  University  of  Edinburgh,  UK 

Keywords:  Si,  Ge,  H,  self-interstitial,  IR  spectroscopy,  uniaxial  stress,  ab  initio  theory 

Abstract. 

Infrared  absorption  spectroscopy  is  used  to  study  H-related  point  defects  in  H^-implanted  Si  (Si:H) 
and  Ge  (Ge:H).  The  absorption  lines  at  743.1,  748.0,  1986.5  and  1989.4  cm"'  in  Si;H  and  at  700.3, 
705.5,  1881.8  and  1883.5  cm"*  in  Ge:H  are  shown  to  originate  from  the  same  defect  containing  two 
equivalent  H  atoms.  Uniaxial  stress  experiments  show  that  the  defects  have  monoclinic-II 
symmetry,  and  the  orientations  of  the  two  Si-H  or  Ge-H  bonds  are  determined.  The  structure  and 
the  local  vibrational  modes  of  the  self-interstitial  binding  two  H  atoms  {IH2)  are  calculated  with 
LDF  cluster  theory.  The  symmetry,  bond-orientations  and  isotopic  frequency-shifts  calculated  for 
IH2  are  in  excellent  agreement  with  those  observed  for  the  743. 1-,  748.0-,  1986.5-  and  1989.4-cm  ' 
modes  in  Si:H  and  for  the  700.3-,  705.5-,  1881.8-  and  1883.5-cm"‘  modes  in  Ge:H. 


Introduction. 

The  vacancy  and  the  self-interstitial  are  the  fundamental  intrinsic  point  defects  in  crystalline  Si  and 
can  be  produced  by  irradiation.  The  vacancy  in  Si  has  been  studied  in  great  detail  [1],  and  it  is  one 
of  the  best-characterised  defects  in  any  crystalline  material.  In  contrast,  the  self-interstitial  in  Si  has 
never  been  observed  directly.  Instead,  the  irradiation  induces  a  comparable  number  of  substitutional 
impurities  like  B,  C,  A1  or  Ga  to  move  into  interstitial  positions  [1].  It  is  believed  that  the  self¬ 
interstitials  are  mobile  during  the  irradiation  process  and  react  with  the  substitutional  impurities  to 
form  interstitial  impurities  [1].  Our  present  knowledge  about  the  self-interstitial  is  based  on  studies 
of  the  products  of  such  reactions  [1]  and  on  theoretical  calculations  [2,3,4,5,6].  The  theoretical 
calculations  suggest  that  the  neutral  self-interstitial  has  a  <110>-split  stmcture  as  shown  in  Fig.  1 
(a)  and  that  it  can  trap  one  or  two  H  atoms  [6,7].  The  addition  of  H  only  moderately  (0.66  A,  see 
ref.  [6])'  changes  the  positions  of  the  two  central  Si  atoms.  Therefore,  an  experimental  determination 
of  the  microstructure  of  IH2  will  provide  a  direct  check  of  the  credibility  of  the  theoretical  structures 


of  the  IH2,  IH  and  I  defect  sequence. 

In  Si:H,  a  series  of  Si-H  stretch-modes  are  observed  in  the  range  1800-2250  cm"*  together  with  Si-H 

bend-modes  in  the  range  700-850  cm"*.  Of 

particular  interest  for  this  work  is  the  1980-cm"* 

mode  first  observed  by  Stein  at  room  temperature 

[8].  Later,  this  mode  has  been  observed  in  H-doped 

Si  irradiated  with  electrons  [9],  neutrons  [10]  or  y-  I  I 

rays  [11],  and  it  has  been  found  to  split  into  a  U#- — ^  D ® 

doublet  of  lines  at  1987  and  1989  cm'^  at  10  K  [9].  \l  \|l 

The  two  lines  are  always  observed  with  equal  - -  /iL-.-— 

relative  intensities,  independent  of  production  and  ^ 

annealing,  and  are  assigned  to  the  same  defect  Figure  1.  The  calculated  structure  of  (a)  the 


[9,10].  These  observations  led  Xie  et  al  [10]  to  self-interstitial  and  (b) /ff2  in  Si  [6]. 
assign  the  1987-  and  1989-cm"*  lines  to  the  vacancy 
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containing  two  H  atoms  VH2.  This  assignment,  however,  disagrees  with  recent  work  [12],  in  which 
absorption  lines  at  2121  and  2144  cm'*  were  identified  as  the  Si-H  stretch-modes  of  VH2.  Thus,  the 
origin  of  the  1987-  and  1989-cm'*  lines  remains  unclear. 

In  this  work,  four  Si-H  modes  at  743.1,  748.0,  1986.5  and  1989.4  cm'*  and  four  Ge-H  modes  at 
700.3,  705.5,  1881.8  and  1883.5  cm'*  are  studied.  Only  the  results  on  the  1986.5-  and  1989.4-cm'* 
stretch-modes  in  Si:H  and  on  the  1881.8  and  1883.5  cm  *  stretch-modes  in  Ge  will  be  presented  in 
this  paper.  A  full  presentation  of  the  work  will  be  published  elsewhere  [13]. 

The  four  modes  in  each  material  are  shown  to  originate  from  the  same  defect,  containing  two 
equivalent  H  atoms.  Uniaxial  stress  measurements  show  that  the  defect  has  monoclinic-II 
symmetry,  and  the  orientations  of  the  two  Si-H  and  Ge-H  bonds  are  determined.  Based  on  the 
experimental  evidence,  the  four  Si-H  and  Ge-H  modes  are  assigned  to  IH2  in  Si  and  Ge.  The 
experimental  results  are  compared  with  the  results  of  ab  initio  calculations  on  IH2  in  Si  and  Ge.  All 
calculated  properties  are  in  close  agreement  with  those  observed. 

Experimental. 

Samples  cut  from  high-resistivity,  Fz,  single  crystals  of  Si  and  Ge  were  implanted  with  H"^  and/or 
D'^  at  30K.  The  implantations  were  performed  at  50-100  different  energies  in  the  range  from  680  - 
2500  keV  for  H'*'  and  840  -  3000  keV  for  The  dose  at  each  energy  was  adjusted  in  order  to 
result  in  a  uniform  concentration  of  implants  of  0.02  or  0.05  at.%.  Samples  were  produced  with 
equal  concentrations  of  H  and  D  in  overlapping  profiles.  After  the  implantation,  the  samples  were 
stored  at  room  temperature.  The  samples  for  the  uniaxial  stress  measurements  were  bar-shaped  and 
had  dimensions  2x2x10  mm^.  The  long  sides  of  the  samples  were  aligned  with  [100],  [1 1 1]  or  [110] 
directions,  and  the  implantations  were  performed  into  one  of  the  2x10  mm^  faces. 

The  infrared  absorption  measurements  were  performed  at  either  10  K  or  77  K  with  a  Nicolet, 
System  800,  Fourier-transform  spectrometer.  The  spectral  resolution  was  better  than  1  cm’*. 

Results  and  discussion. 

The  absorption  spectra  of  Si:H  and  Ge:H  are  shown  in  Fig.  2.  In  Si:H,  about  10  sharp  absorption 
lines  are  observed  in  the  range  700-850  cm  *  together  with  about  20  sharp  absorption  lines  in  the 
range  1800-2250  cm  *.  These  lines  are  known  to  reflect  the  excitations  of  H-related  local  vibrational 
bend-  and  stretch-modes,  respectively  [14].  The  lines  of  particular  interest  to  this  work  are  shown  in 
the  in-sets  of  Fig.  2. 

In  Ge:H,  similar  series  of  lines  are  observed  in  the  ranges  650-800  cm'*  and  1750-2100  cm  *  (see 
Fig.  2),  which  have  been  assigned  to  Ge-H  bend-modes  and  Ge-H  stretch-modes  [15],  respectively. 
Located  approximately  in  the  middle  of  the  stretch-mode  range  of  Ge:H  is  a  doublet  of  lines  at 
1881.8  and  1883.5  cm'*.  Another  doublet  of  lines  at  700.3  and  705.5  cm  *  is  observed  in  the  bend¬ 
mode  range.  Within  0.3%,  the  frequencies  of  the  four  Ge-H  modes  scale  with  the  four  Si-H  modes 
specified  above.  The  average  frequency  ratio  between  the  similar  Ge-H  and  Si-H  modes  is  0.945, 
which  is  within  the  range  of  ratios  0.896  to  0.965  obtained  for  similar  modes  in  germane  (GeH4) 
and  silane  (SiH4)  [16].  This  strongly  indicates  that  the  four  Si-H  and  Ge-H  modes  originate  from 
defects  with  essentially  the  same  structures  in  the  two  materials. 

An  isochronal  annealing  sequence  was  performed  in  which  the  samples  were  annealed  for  30  min. 
at  each  temperature,  starting  at  room  temperature  and  going  up  to  ~500°C  in  steps  of  ~20°C.  The 
absorbance  spectrum  was  measured  after  each  step.  The  four  lines  within  each  set  always  appear 
with  the  same  relative  intensities,  independent  of  the  annealing  temperature  and  of  the  implanted 
dose.  This  strongly  suggests  that  the  four  lines  originate  from  the  same  defect.  All  other  lines  in  Fig. 
2  have  different  annealing  behaviours  and  do,  therefore,  not  originate  from  this  defect.  The  set  of 
four  lines  disappear  together  at  ~225°C  in  Si  and  at  '-200°C  in  Ge.  This  difference  in  annealing 
temperature  of  the  defect  in  Si  and  Ge  is  comparable  to  that  of  the  H2  defect  in  the  two  materials 
[14,15]. 
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Figure  2.  Absorbance  spectra  of  Si:H  and  Ge:H  measured  at  10  K.  The  in-sets  show  the  lines 
of  particular  interest  to  this  work. 


Spectra  measured  on  Si:H+D  are  shown  in  the  upper  part  of  Fig.  3.  Apart  from  the  lines  observed  in 
Si:H  or  Si:D,  three  additional  lines  are  observed  at  745.7,  1447.3  and  1987.8  cm'*.  In  Ge  also  three 
additional  lines  are  observed  at  -703,  1358.4  and  1882.8  cm'*.  These  three  lines  in  each  material 
have  the  same  annealing  behaviours  as  the  six  lines  in  the  single-isotope  samples  and  are,  therefore, 
ascribed  to  the  isotopically  mixed  configurations  of  the  same  defect.  The  observation  of  only  two 
additional  stretch-mode,  of  which  one  involves  H  and  the  other  involves  D,  indicates  that  the  defect 
contains  two  equivalent  H  atoms. 

Both  the  1881.8-  and  1883.5-cm'*  lines  in  Ge:H  split  into  three  components  when  uniaxial  stress  is 
applied  along  the  [100]  axis,  as  shown  in  Fig.  4.  This  implies  that  these  absorption  lines  either 
correspond  to  one-dimensional  modes  of  a  defect  with  triclinic,  monoclinic-II  or  orthorhombic-II 
symmetry  [17],  or  to  a  two-dimensional  mode  of  a  centre  with  tetragonal  symmetry  [18].  The 
presence  of  two  equivalent  Ge-H  bonds  is  only  compatible  with  tetragonal  and  orthorhombic-II 
symmetries,  if  the  two  bonds  are  aligned  with  the  same 

<100>  axis.  This,  however,  would  imply  that  only  one  of  I  ^*>>5  =  0.005 

the  two  stretch  modes  is  infrared  active,  in  conflict  with 
the  observation  of  two  lines  of  almost  equal  intensity. 

Apart  from  the  trivial  triclinic  symmetry,  only 
monoclinic-II  symmetry  is  in  accordance  with  the 
splitting  for  [100]  stress  and  the  observation  of  two 
stretch-modes.  Defects  with  monoclinic-II  symmetry  are 
invariant  under  the  symmetry  operations  of  the  C2  point 
group  with  the  C2  axis  parallel  to  a  <100>  direction. 

Hence,  uniaxial  stress  applied  along  any  direction 
different  from  <100>,  will  lower  the  symmetry  of  the 
defect  to  triclinic.  Moreover,  stress-induced  frequency 
shifts  are  obtained  that  are  comparable  to  the  splitting  of 
the  1881.8-  and  1883.5-cm'  lines  without  stress. 

Consequently,  uniaxial  stress  applied  along  e.g.  the  1442  1447  1452  1983  1988  1993 
[111]  direction  may  induce  a  mixing  of  the  two  Ge-H  Wave  Number  (cm') 

stretch-modes.  Figure  3.  The  isotopic  shifts  for  the 

In  order  to  include  such  second-order  effect  in  the  gj.n  stretch-modes.  The  dotted  curve  is 
analysis  of  the  response  of  the  modes  to  uniaxial  stress,  (jjg  Si:H-i-D  spectrum  subtracted  with 
the  vibrational  Hamiltonian  of  the  system  under  stress  is  jjjg  single-isotope  spectra. 
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diagonalised.  The  vibrational  Hamiltonian  of  the  system  under  stress  is  defined  as  the  vibrational 
Hamiltonian  at  zero  stress  plus  the  stress-induced  change  to  the  potential  expanded  to  first  order  in 
the  components  of  the  stress  tensor.  The  diagonalisation  is  performed  separately  for  the  ground  state 
and  the  two  (fundamental)  singly-excited  states,  which  is  justified  by  the  fact  that  the  stress-induced 
shifts  in  frequency  are  three  orders  of  magnitude  smaller  than  the  level  separation  between  the 
ground  state  and  the  singly-excited  states.  The  differences  between  each  of  the  two  eigenvalues  of 
the  singly-excited  states  and  the  eigenvalue  of  the  ground  state  give  the  transition  frequencies  for 
the  excitations  that  are  observed  experimentally.  The  relative  intensities  of  the  two  transitions 
depend  on  the  orientations  of  the  induced  dipole  moments  of  the  two  Ge-H  bonds.  Since  the  two 
bonds  are  equivalent  and  interrelated  through  the  C2  rotation,  only  the  orientation  of  the  induced 
dipole  moment  for  one  of  the  bonds  needs  to  be  specified  with  respect  to  the  C2  axis.  This  is  done 
with  a  polar  angle  0  and  an  azimuthal  angle  (p,  where  0  is  the  smallest  positive  angle  between  the 
bond  dipole  moment  and  the  C2  axis,  and  cp  is  the  smallest  angle  between  a  {100}  plane  and  the 
plane  spanned  by  the  induced  bond  dipole  moment  and  the  C2  axis.  Then,  the  angle  0  can  be 
obtained  from  the  relative  intensities  of  the  two  absorption  lines  observed  without  stress. 

The  angle  (p  can  be  determined  from  the  absorption  profile  observed  with  uniaxial  stress.  The 
profiles  of  the  two  absorption  lines  observed  without  stress  are  nearly  Gaussian  and  have  equal 
width.  We  assume  that  the  two  lines  remain  Gaussian  and  that  the  widths  are  unaltered  when  stress 
is  applied.  For  a  given  orientation  of  the  defect,  the  shifts  in  position  and  amplitude  of  the  two 
Gaussians  due  to  the  uniaxial  stress  are  calculated  from  the  theory  described  above.  The  overall 
theoretical  absorption  profile  at  a  given  strength  and  direction  of  the  uniaxial  is  a  superposition  of 
the  profiles  for  each  of  the  24  different  orientations  of  the  defect.  Using  the  positions,  widths  and 
relative  intensities  of  the  two  lines  observed  at  zero  stress,  we  are  left  with  seven  parameters  c^i, 
c42,  c^3,  c^4,  <^1,  <^2  and  (p  which  describe  the  theoretical  absorption  profile  under  uniaxial  stress 
for  any  polarisation  (e)  of  the  infrared  light.  The  parameters  c4;  and  represent  the  influence  of 
the  stress  tensor  on  the  vibrational  levels  and  are  treated  as  fitting  parameters.  The  theoretical 
profiles  are  fitted  to  the  profiles  observed  at  the  maximum  stresses  along  [100],  [111]  and  [110], 
with  the  light  polarised  parallel  and  perpendicular  to  the  stress  direction.  The  theoretical  frequency 
shifts  and  absorption  profiles  corresponding  to  the  best  fit  are  shown  together  with  the  experimental 
data  in  Fig.  4.  The  theoretical  results  are  in  excellent  agreement  with  the  observations.  The  angles 
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Figure  4.  Frequency  shifts  and  absorption  profiles  for  the  Ge-H  lines  at  1881.8  and  1883.5 
cm‘‘  under  [100]  and  [111]  stress.  The  solid  lines  in  the  left  figure  and  the  dotted  lines  in 
the  middle  and  right  figure  are  the  best-fit  theoretical  results  for  a  monoclinic-II  centre. 
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that  specify  the  orientations  of  the  induced  bond  dipole  moments  are  0  =  45°  ±  1°  and  tp  =  3°  ±  5° 
for  the  two  Ge-H  stretch-modes.  For  a  stretch-mode,  we  expect  the  induced  bond  dipole  moment  to 
be  along  the  bond  and,  hence,  the  angles  0  and  (p  obtained  also  specify  the  directions  of  the  two  Ge- 
H  bonds.  The  0  and  cp  values  show  that  the  two  Ge-H  bonds  are  nearly  aligned  with  [01 1]  and  [01 1] 
for  a  defect  with  the  C2  axis  along  [001]. 

We  have  not  been  able  to  study  the  stress-response  of  the  Ge:H  lines  at  700.3  and  705.5  cm  ’,  as 
these  lines  are  below  the  detection  limit  in  the  uniaxial  stress  experiments. 

The  Si-H  lines  at  743.1,  748.0,  1986.5  and  1989.4  cm  '  are  less  sensitive  to  uniaxial  stress  than  the 
Ge-H  lines  discussed  above.  At  77  K  none  of  the  four  lines  are  observed  to  split  into  three 
components  for  stress  along  [100].  Even  at  liquid  He  temperature,  where  the  width  of  the  absorption 
lines  is  reduced,  a  splitting  into  three  components  is  observed  only  for  the  748.0-cm''  line.  The 
observed  responses  of  the  four  Si-H  lines  to  uniaxial  stress  are,  however,  fully  consistent  with  that 
of  a  centre  with  monoclinic-II  symmetry  and  an  angle  cp  close  to  zero.  The  polar  angle  in  Si  is 
0  =  48°±1°. 

The  experiments  strongly  suggest  that  the  743. 1-,  748.0-,  1986.5-  and  1989.4-cm''  lines  in  Si:H  and 
the  700.3-,  705. 5-,  1881.8-  and  1883.5-cm'‘  lines  in  Ge:H  reflect  the  same  type  of  defect  in  the  two 
materials.  The  defect  contains  two  equivalent  H  atoms  and  has  monoclinic-II  symmetry.  The  bond 
directions  are  given  by  the  angles  (p  =  3°  ±  5°  and  0  -  45°  ±  1°  in  Ge  and  0  =  48°  ±  1°  in  Si.  The  (p 
angle  could  not  be  determined  accurately  in  Si,  but  since  all  the  other  data  suggest  that  the  defects 
essentially  are  identical,  we  expect  this  angle  to  be  close  to  zero,  which  is  fully  consistent  with  the 
data.  Theoretical  calculations  have  shown  that  the  IH2  defect  in  Si  has  monoclinic-II  symmetry,  and 
the  Si-H  bond  directions  are  given  by  (p  =  9°  and  0  =  46°  [6].  We  conclude  that  the  set  of  four 
absorption  lines  observed  in  both  in  Si  and  Ge  originate  from  the  IH2  defect. 

Calculations. 

To  provide  further  support  to  the  assignments  made  in  the  previous  section,  the  structure  and  local 
vibrational  modes  of  IH2  in  Si  and  Ge  are  calculated  with  ab  initio  theory. 

The  ab  initio  calculations  are  performed  with  the  LDF  cluster  method  AMPRO  [19].  One  host 
atom  and  two  H  atoms  are  added  to  a  tetrahedral  71 -atom  Si  or  Ge  cluster  terminated  with  60  H 
atoms.  The  self-consistent  energy  and  the  forces  on  the  atoms  are  calculated,  and  all  72  host  atoms 
and  2  H  atoms  at  the  defect  core  are  allowed  to  relax  until  the  minimum  energy  configuration  is 
obtained.  The  H  atoms  at  the  surface  are  fixed  during  this  procedure.  The  second  derivatives  of  the 
energy  between  the  8  central  atoms  are  calculated  directly,  while  the  derivatives  between  the 
remaining  atoms  are  found  from  a  Musgrave  Pople  potential  given  previously  [19].  Then,  the 
dynamical  matrix  of  the  cluster  is  constructed,  and  the  local  vibrational  modes  along  with  their 
isotope  shifts  are  calculated. 

The  structure  of  the  ground  state  configuration  of  IH2  in  both  Si  and  Ge  is  very  similar  to  those 
given  previously  in  Si  [6,7]  (see  Fig.  1(b)).  The  calculated  local  vibrational  mode  frequencies  of 
IH2,  IHD  and  ID2  are  presented  in  Table  I.  Compared  to  the  observed  frequencies,  the  calculated 
stretch-mode  frequencies  are  8%  too  high  in  Si  and  9%  too  high  in  Ge.  Such  deviations  are  typical 
for  the  theoretical  method,  and  may  be  ascribed  to  the  overbinding  caused  by  density-functional 
theory  and  to  anharmonic  effects.  In  both  Si  and  Ge,  the  theory  predicts  that  for  the  stretch-modes. 


Mode 

IH2 

Frequency  (cm‘^) 
ID2 

IHD 

Si  symmetric 

2144.7  (1989.4) 

1540.2  (1448.2) 

2143.8  (1987.6) 

asymmetric 

2142.9  (1986.5) 

1539.9(1446.1) 

1540.1  (1447.3) 

Ge  symmetric 

2056.7(1883.5) 

1462.5  (1359.0) 

2055.1  (1882.8) 

asymmetric 

2053.3  (1881.8) 

1460.1  (1357.6) 

1461.3  (1358.4) 

Table  I.  The  calculated  stretch-mode  frequencies  of  IH2,  ID2  and  IHD  in  Si  and  Ge.  The 
observed  frequencies  are  given  in  parentheses. 
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the  symmetric  mode  has  higher  frequency  than  the  asymmetric  mode,  in  agreement  with  our 
observations.  Moreover,  the  small  splittings  of  the  two  stretch-modes  of  IH2  and  ID2  are  roughly 
reproduced  by  the  calculations  (see  Table  I).  The  calculated  stretch-frequencies  of  IHD  deviate  by 
less  than  0.1  cm"'  from  the  average  frequency  of  the  two  stretch-modes  of  IH2  and  ID2.  Hence,  the 
calculated  isotopic  shifts  for  the  stretch-modes  are  in  excellent  agreement  with  experiment. 
The  Si-H  bond  directions  of  IH2  are  given  by  0  =  46“  and  (p  =  10°,  and  the  Ge-H  bond  directions  by 
0  =  46°  and  tp  =  8°.  These  values  are  in  excellent  agreement  with  the  experimental  results  of 
0  =  48°  ±  1°  in  Si  and  0  =  45°  ±  1°  and  (p  =  3°  ±  5°  in  Ge,  and  strongly  support  our  assignments. 
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Abstract.  Under  high-resolution,  the  asymmetric  mode  of  Ge20  in  germanium  shows  Ge  isotope 
shifts  related  to  Ge  mass  or  to  anharmonicity  changes.  We  present  here  evidence  of  very  small  shifts 
between  the  position  of  lines  in  natural  Ge  and  in  quasi-monoisotopic  Ge  which  are  related  to  the 
change  of  the  average  mass  of  the  matrix  and  we  propose  an  explanation  for  this. 

Introduction. 

Natural  Ge  (average  mass  72.60  amu)  contains  isotopes  ™Ge,  ’^Ge,  ”Ge,  ’''Ge  and  ’*Ge,  with 
relative  abundances  of  0.205,  0.274,  0.078,  0.365  and  0.078,  respectively.  Doping  with  oxygen 
introduces  isolated  interstitial  0  (Oi)  bonded  to  two  nearest  Ge  neighbours.  The  Ge-O-Ge  bridge  has 
an  apex  angle  near  140°  and  from  a  Ge-0  bond-length  of  0.17  nm,  the  Ge  "  Ge  distance  is  estimated 
to  be  0.29  nm  compared  to  a  normal  value  of  0.245  nm.  The  Oi  vibrations  in  germanium  produce  a 
broad  IR  mode  at  856  cm"'  and  a  weaker  (and  still  broader)  feature  at  1260  cm"'  (room  temperature) 
[1],  The  former  is  attributed  to  the  antisymmetric  motion  {v^  or  /l2u  mode)  of  the  Ge-O-Ge  unit 
combined  with  internal  rotation  of  the  O  atom  and  the  latter  to  a  combination  of  the  vs  mode  "with  a 
sjTnmetric  motion  of  the  same  unit.  These  vibrational  modes  are  comparable,  mutatis  mutandis,  to 
some  of  the  modes  observed  in  silicon  containing  dispersed  oxygen  [2].  Near  liquid  helium 
temperature  (LHeT)  and  under  high  spectral  resolution,  the  V3  mode  splits  into  an  apparently 
complicated  structure,  made  of  about  25  sharp  lines.  This  is  due  to  the  isotopic  shifts  (ISs)  from 
natural  Ge  combined  with  resolved  internal  rotation  of  O  about  the  Ge"  "Ge  axis  [3], 

In  the  early  1990's,  isotopically-enriched  Ge  crystals  became  available  for  physical  investigations  and 
the  Oi  spectrum  in  these  materials  at  LHeT  showed  a  simplification  of  the  vibrational  structure 
because  some  isotopic  combinations  were  absent  or  at  least  greatly  reduced  in  intensity  [4,5]. 

We  present  and  discuss  the  results  of  absorption  measurements  of  the  V3  mode  performed  at  LHeT 
and  at  room  temperature  with  appropriate  resolutions  in  natural  and  quasi-monoisotopic  (qmi)  Ge 
samples.  The  measurements  allow  an  accurate  measurement  of  different  Ge  ISs.  They  also  show  the 
role  of  the  interaction  of  the  lattice  phonons  with  the  V3  mode,  responsible  for  small  frequency 
changes  of  the  same  modes  in  qmi  and  in  natural  Ge. 

Results  and  discussion. 

Absorption  measurements  have  been  performed  at  1.6,  6  and  295  K  using  a  BOMEM  DAS  Fourier- 
transform  spectrometer  (FTS)  using  either  a  Si  bolometer  operated  at  4.2  K  or  a  MCT  detector  at  77 
K.  The  LHeT  spectra  were  obtained  using  the  maximum  apodised  resolution  (0.013  cm"')  of  the  FTS 
and  the  room  temperature  spectra  with  a  resolution  of  1  or  2  cm’'.  Natural  Ge:0  samples  were 
grown  at  Metallurgie  Hoboken  Overpelt,  Belgium  (now  Union  Miniere)  and  another  natural  Ge 
sample  was  difftised  with  oxygen  at  the  University  of  Paderbom  (Germany).  Ge.O  samples  enriched 
with  isotopes  ™Ge,  ”Ge,  ’'*Ge  or  ’®Ge  at  concentrations  between  88  and  95%  were  grown  at  the 
University  of  Kiev  and  at  the  Lawrence  Berkeley  Laboratory 
The  vibration-rotation  structure  of  the  V5  mode 
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Near  10  K,  four  vibration-rotation  lines,  labelled  I,  II,  III  and  IV  in  order  of  decreasing  energy,  are 
associated  with  each  isotopic  GezO  combination  [4],  They  are  sharp,  with  full  width  at  half  maximum 
(FWHM)  near  0.04  cm'‘  Oine  IV  is  a  little  bit  broader  (-0.06  cm'*)).  These  lines  are  due  to  some 
kind  of  vibration-rotation  of  O;  and  in  a  spectroscopic  description,  they  can  be  taken  as  AN=  1, 
AJ=  0  transitions  with  J  =  0  for  line  I.  The  low-energy  rotational  transitions  have  been  directly 
observed  near  1  K  by  phonon  spectroscopy  [6].  With  '*0,  the  initial  states  of  lines  II,  III  and  IV  are 
separated  from  the  ground  state  by  1.5,  5.4  and  11  cm"',  respectively  [5,6].  This  explains  why  at 
temperatures  normally  achieved  with  standard  optical  cryostats  (>  1.3  K  or  0.9  cm''),  lines  I  and  II 
are  always  observed  together.  Lines  III  and  IV  require  higher  temperatures  to  be  detected  and  line 
III  is  barely  seen  below  2  K. 

From  this,  it  could  be  inferred  that  the  V3  mode  could  be  resolved  into  60  lines  in  natural  Ge  at  6  K. 
This  is  not  the  case,  however,  because: 

1)  line  IV  is  weak  and  hard  to  detect  in  natural  Ge  (it  was  first  observed  in  qmi  Ge  [4]) 

2)  combinations  with  the  same  average  mass  (AM)  of  the  Ge  atoms,  but  different  isotopes, 
like  ’^Ge20  and  ™GeO’''Ge,  vibrate  at  very  close  frequencies  so  that  they  are  difficult  to  resolve  or 
sometimes  even  to  detect  because  of  their  small  intensity.  This  limits  the  number  of  lines  partially  or 
totally  resolved  observed  in  natural  Ge  at  6  K  to  about  25.  At  1.6  K,  because  of  the  depopulation  of 
the  levels,  the  situation  still  simplifies  as  only  lines  I  and  II  are  observed  for  each  combination. 

TAe  Ge  isotopic  shift 

The  relation  between  the  AMs  and  the  G-O-Ge  isotope  combination  is  given  in  Table  1.  This  Table 
shows  that  there  are  eleven  distinct  AMs  and  that  eight  of  them  correspond  to  a  single  combination. 

Table  1.1)  Correspondence  between  the  AMs,  the  isotopic  combinations  and  their  contributions  to  the  total 
normalised  intensity  in  natural  Ge  and  2)  comparison  between  Ge  ISs  for  line  I  in  natural  Ge  at 
LHeT  with  the  calculated  ones  ('’'O).  The  reference  is  ^^Ge20  (AM  76)  and  the  experimental 
uncertainty  is  ±  0.004  cm"'.  The  position  of  line  I(‘'^Ge20)  is  860.962  cm"’. 


AM 

Ge  combination 

Contribution 

ISi  (cm'') 
(observed) 

IS  (cm-') 
(calculated) 

70 

70-70 

0.0420 

2.961 

3.918 

71 

70-72 

0.1120 

2.439 

3.230 

71.5 

70-73 

0.0320 

2.190 

2.902 

72 

72-72  -t  70-74 

0.2251 

(72-72) 

(0.0751) 

(70-74) 

(0.1500) 

72.5 

72-73 

0.0427 

1.668 

2.210 

73 

73-73  +  72-74  +  70-76 

0.2379 

(73-73) 

(0.0060) 

(72-74) 

(0.2000) 

(70-76) 

(0.0319) 

73.5 

73-74 

0.0569 

1.179 

1.558 

74 

74.74  +  72-76 

0.1757 

(74-74) 

(0.1330) 

(72-76) 

(0.0427) 

74.5 

73-76 

0.0122 

0.712 

0.943 

75 

74-76 

0.0569 

0.468 

0.619 

76 

76-76 

0.0060 

- 

- 
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The  ISs  of  these  eight  combinations  for  lines  I  and  II  can  thus  be  measured  without  interference.  The 
shifts  of  line  I  with  respect  to  ’®Ge  are  given  in  Table  1  for  natural  Ge,  but  these  shifts  are  practically 
independent  of  the  line  considered.  The  measured  ISs  of  Table  1  are  systematically  higher  than  those 
deduced  from  the  data  of  [5]  by  0.01  to  0.02  cm'*.  This  comes  from  the  fact  that  in  ref  5,  the  value 
of  I(’*Ge20),  measured  in  a  qmi  ’^Ge  sample,  is  higher  by  0.015  cm'*  than  the  value  measured  in 
natural  Ge.  This  difference  will  be  discussed  later.  By  comparison,  when  taking  I(^^GeO’''Ge)  at 
861.430  cm'*  as  a  reference,  the  ISs  in  natural  Ge  and  those  from  ref  5  agree  within  0.003  cm'*. 

The  frequencies  of  the  antisymmetric  mode  for  the  different  AMs  have  been  calculated  by  first 
principles  calculations  as  in  [2].  The  values  obtained  by  this  calculation  are  reasonably  close  to  the 
ones  observed:  for  ™Ge20,  a  value  of  877.7  cm'*  is  obtained,  to  be  compared  to  863.90  and  857.1 
cm'*  measured  at  LHeT  (line  I)  and  295  K,  respectively.  The  ISs  deduced  from  these  calculations 
(last  column  of  Table  1)  are  about  30%  larger  than  the  observed  ones.  Semi-empirical  determinations 
of  the  ISs  have  also  been  obtained  considering  a  puckered  Ge-O-Ge  pseudo-molecule  [3,5].  A  fit  of 
the  ISs  is  obtained  by  adjusting  the  value  of  the  apex  angle  2a  of  Ge-O-Ge  and  an  interaction  mass 
m'  representing  the  interaction  between  the  pseudo  molecule  and  the  crystal  [3].  A  good  fit  is 
obtained  for  2a  =  140°  and  m'  =  1 1.6  amu.  This  value  of  the  apex  angle  is  the  same  as  obtained  from 
the  calculation  of  first-principles  potential  wells  [2].  The  fitting  values  of  ref  5  (2a  =111°  and  m'  = 
23.1  amu)  give  a  difference  of  0.02  cm'*  between  the  observed  and  fitted  shift  for  the  ™Ge20  and 
’®Ge20  combinations  in  natural  Ge  and  this  could  be  related  to  the  choice  of  the  frequency  of ’^Ge20 
in  the  ^®Ge  qmi  sample. 

At  room  temperature,  the  Ge  ISs  can  only  be  measured  by  comparing  the  peak  absorption  in 
different  qmi  Ge  samples.  The  comparison  is  possible  with  the  LHeT  values  only  for  the  "pure" 
combinations  (two  Ge  atoms  alike).  The  shift  between  qmi  ’°Ge  and  qmi  ’^Ge  at  295  K  is  3  cm'*, 
very  close  to  the  LHeT  value  of  2.96  cm'*. 

Table  1  shows  that  AMs  72,  73  and  74  correspond  each  to  two,  three  and  two  configurations, 
respectively,  but  the  table  shows  also  that  the  contribution  of  ’^Ge20  (73-73)  is  negligible  with 
respect  to  (72-74)  and  (70-76)  in  natural  Ge.  However,  two  configurations  with  the  same  AM  do  not 
vibrate  exactly  at  the  same  frequency  because  of  symmetry  and  anharmonicity  differences,  and  under 
high-resolution,  lines  corresponding  to  different  combinations  with  the  same  AM  can  be  partially 
resolved,  as  shown  in  Fig.  1.  A  fit  of  the  spectrum  with  the  components  expected  shows  that  for  a 


Figure  1:  Detail  of  the  V3  absorption  in 
natural  Ge  at  1.6  K  The  bars  scale  the 
measured  intensity  of  the  ™Ge20 
doublet  by  the  respective  contributions 
(Table  1)  of  the  different  doublets  with 
AMs  72,  73  and  74.  The  components  I 
and  II  of  the  doublets  are  ~  0.07  cm'* 
apart  and  the  intensity  ratio  I/II  is 
1.64. 


WAVENUMBER  (cm-') 


given  AM,  the  most  symmetric  combination  has  the  lowest  frequency.  Realistic  calculation  [2]  of  the 
frequencies  of  combinations  with  the  same  AMs  has  been  performed  whose  results  agree  well  with 
the  observation,  as  shown  in  Table  2,  taken  from  [2].  Lines  due  to  combinations  not  observed  in 
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Table  2.  Comparison  of  the  observed  isotopes  shifts  IS(I)  and  IS(II)  for  lines  I  and  II  due  to  different  GeOGe 
isotopes  combinations  with  the  same  Ge  average  mass  with  the  calculated  ones  [2] 


<Ge> 

IS(I) 

Obs.  (cm‘‘) 

IS(II) 

Obs.  (cm"’) 

Calcul.  (cm"’) 

"’’GeO’^Ge  -  ’^Ge20 

73 

0.006 

- 

0.010 

’^GeO’^Ge  -  "''Ge20 

74 

0.031 

0.032 

0.040 

™GeO"''Ge  -  ■'^Ge20 

72 

0.033 

0.032 

0.044 

™GeO’^Ge  -  ’^GeO’''Ge 

73 

0.063 

- 

0.084 

natural  Ge  can  be  measured  accurately  in  qmi  samples  (^^Ge  samples,  for  instance).  However 
comparison  of  frequencies  obtained  with  qmi  and  natural  Ge  samples  must  be  used  with  care  in  the 
determination  of  these  symmetiy-induced  shifts  because  of  possible  interferences  with  Ge  matrix- 
induced  shifts  to  be  discussed  later. 

The  fi-equencies  of  lines  I  and  II  for  the  most  intense  combinations  of  Ge2'*0  have  been  measured  in 
ref  5.  The  corresponding  shifts  are  slightly  larger  than  the  ones  with  '^0:  the  experimental 
differences  between  the  (I(^*'Ge20)-I(^^Ge0^'*Ge))  ISs  for  '*0  and  is  0.17  cm’  while  the 
calculation  yields  a  difference  of  0.19  cm’’,  in  good  agreement  with  the  experiment.  As  for  ’®0,  here 
again  the  calculated  frequencies  are  reasonably  close  to  the  observed  ones. 

Matrix-induced  line  shifts 

In  qmi  ’“Ge,  the  frequencies  of  the  Ge20  lines  at  LHeT  are  found  to  be  systematically  larger  than  in 
natural  Ge  by  ~  0.010-0.015  cm’’  (the  frequencies  measured  in  the  ’®Ge  qmi  samples  are  in 

good  agreement  with  those  reported  in  ref  5).  This  shift  is  small  indeed,  but  reproducible  for  the 
different  qmi  ’®Ge  samples  investigated.  It  is  shown  in  Figure  2  for  the  ’®GeO’''Ge  doublet.  It  is 
difficult  to  measure  a  reliable  shift  for  qmi  ’“'Ge  because  the  accuracy  on  the  ’‘'Ge20  frequencies  in 
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natural  Ge  is  not  as  good  because  of  the  interference  with  ^^GeO’^Ge  with  AM  74,  but  a  small 
positive  shift  (-0.05  cm‘‘)  was  found  for  '’‘*GeO'’*Ge  in  qmi  ’’''Ge.  The  comparison  with  qmi  ™Ge  and 
natural  Ge  could  be  made  only  on  line  III  of  ™Ge20  at  1.6  K  because  lines  I  and  II  were  too  intense 
in  this  qmi  ’’“Ge  sample,  and  with  ’’“GeO’^Ge.  For  both  combinations,  a  negative  shift  -  0.01  cm"’ 
was  measured.  If  we  keep  the  concept  of  an  interaction  mass  between  the  pseudo-molecule  and  the 
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surrounding  lattice  to  fit  the  ISs,  the  observation  can  be  translated  into  saying  that  the  interaction  is 
weaker  (respectively  larger)  with  ^*Ge  (respectively  ™Ge). 

The  V3  mode  is  superimposed  on  the  3 -phonon  continuum  of  the  germanium  lattice  [7],  Part  of  this 
spectrum  is  shown  for  natural  Ge  at  295  K  in  Figure  3,  with  a  bar  at  the  position  of  the  V3  mode,  on 
the  high-energy  side  of  the  maximum  due  to  a  3TO  combined  DOS.  A  possible  qualitative 
explanation  of  the  above  result  can  be  found  by  assuming  that,  at  LHeT,  the  Oi  lines  are  broadened 
by  interaction  with  the  3 -phonon  continuum  of  germanium.  This  interaction  must  be  small  in  order  to 


Figure  3:  Absorption  of  the  Ge 
lattice  in  the  3 -phonon  region  at 
295  K.  The  solid  bar  shows  the 
position  of  V3('*0)  and  the 
dashed  one  the  position  of 
V3('*0). 


account  for  the  widths  observed  and  it  is  related  to  the  combined  density  of  states  (DOS)  of  the 
lattice  phonons.  We  argue  that  this  coupling  produces  also  a  shift  of  the  lines  depending  on  the  value 
of  the  DOS  on  which  the  lines  are  superimposed.  Near  LHeT,  this  DOS  is  about  2.3  times  less 
intense  than  at  room  temperature  and  it  is  shifted  toward  higher  energies  by  about  10  cm"'  but  this 
shift  is  nearly  compensated  by  the  corresponding  high-frequency  shift  of  the  V3  mode.  The  point  is 
that  the  value  of  the  DOS  at  a  given  frequency  is  not  the  same  in  ’"^Ge,  in  natural  Ge  and  in  ™Ge.  At 
a  given  frequency,  when  natural  Ge  is  replaced  by  ’*Ge,  the  DOS  becomes  the  same  as  at  a 
frequency  about  25  cm'*  higher  in  natural  germanium  [8,9].  This  means  that  in  this  case,  the 
interaction  of  the  V3  modes  with  the  lattice  will  be  somewhat  smaller  in  ’®Ge  than  in  natural  Ge  and  it 
should  produce  a  positive  shift  of  the  line  as  well  as  a  reduction  of  the  linewidth.  The  experimental 
results  do  show  a  relative  increase  of  the  frequencies  of  the  lines  by  ~  1.2  x  10'^  in  ^®Ge  compared  to 
natural  Ge,  but  a  reduction  of  the  line  width  is  impossible  to  detect.  The  same  argument,  but 
inverted,  should  hold  for  ^"Ge  to  explain  the  negative  shift  of  the  V3  modes:  the  positive  shift  of  the 
DOS  with  respect  to  natural  Ge  would  increase  the  interaction  of  the  V3  modes  with  the  lattice,  hence 
decreasing  the  frequencies.  The  absolute  order  of  magnitude  of  the  observed  shifts  is  the  same  for 
™Ge  and  ’®Ge,  but  this  point  cannot  be  discussed  significantly  now.  In  qmi  ”Ge,  only  a  comparison 
of  the  ”GeO’^Ge  lines  with  those  in  natural  Ge  is  possible  and  no  shift  is  observed. 

The  lattice  constant  of  crystals  depends  on  the  isotopic  composition  [10,11].  This  can  be  related  to 
the  effect  of  the  anharmonicity  on  the  vibration  amplitude  of  the  atoms,  which  shows  that  the  heavier 
the  atom,  the  smaller  the  amplitude  of  vibration.  The  lattice  constant  of  ^®Ge  is  smaller  than  that  of 
natural  Ge  and  an  extrapolation  of  the  results  of  the  lattice  constant  measurements  of  ^‘*Ge  crystals 
[10]  to  ’®Ge  gives  a  relative  decrease  of  the  lattice  parameter  of  about  4  x  10"’  with  respect  to 
natural  Ge  at  LHeT.  This  decrease  should  produce  the  equivalent  of  a  hydrostatic  stress  on  the 
Ge-O-Ge  quasi-molecule.  An  estimation  of  this  stress  considering  the  reduction  of  the  lattice 
constant  as  the  resulting  strain  is  about  10  MPa.  The  hydrostatic  piezospectroscopic  coefficient  of  V3 
is  positive  in  both  silicon  and  GaAs  [12]  and  presumably  in  germanium.  The  hydrostatic 
piezospectroscopic  coefficient  of  V3  in  germanium  has  not  yet  been  determined,  but  if  we  take  the 
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same  value  as  in  GaAs  (0.2  cm'VGPa  [13]),  we  deduce  a  positive  shift  of  the  lines  in  Ge  crystals 
five  times  smaller  than  the  observed  value.  Hence,  it  seems  that  the  change  of  the  lattice  constant  in 
qmi  materials  contributes  only  to  a  fraction  of  the  line  shift  reported  here. 

Conclusion 

The  matrix-induced  shifts  reported  here  can  be  due  to  the  difference  between  the  amplitude  of  the  3- 
phonon  DOS  in  qmi  Ge  and  in  natural  Ge,  combined  with  the  effect  of  compression  or  dilatation 
stress  on  the  Oi  centre  due  to  changes  of  the  lattice  constants  between  qmi  and  natural  Ge.  The 
V3('*0)  mode  occurs  in  a  spectral  region  where  the  3-phonon  DOS  is  flatter  so  that  a  smaller 
difference  between  qmi  ^^Ge  or  ™Ge  and  natural  Ge  due  to  the  first  effect  is  expected.  A  difference 
comparable  to  that  for  V3(‘®0)  would  indicate  that  the  effect  of  stress  is  predominant.  Other  matrix- 
induced  line  shifts  have  also  been  observed  in  the  rotational  spectra  by  phonon  spectroscopy  [14]. 
These  shifts,  which  show  an  influence  of  the  surrounding  matrix  are  larger  (typically  0.1  cm'‘)  and 
inverse  of  the  ones  reported  here.  Stress  effects  are  usually  much  larger  on  electronic  transitions  than 
on  vibrational  modes  and  they  are  probably  involved  in  the  shift  of  the  N3  centre  in  diamond  between 
'^Cdu  and  natural  diamond  [15]. 

Acknowledgements 

We  acknowledge  fhiitful  discussions  with  K.  LaBmann.  This  work  has  been  supported  by  the 
European  Community  (INTAS),  the  DGICYT  of  Spain  and  U.S.  National  Science  Foundation. 


REFERENCES 

1.  W.  Kaiser,  J.  Phys.  Chem.  Solids  23,  255  (1962). 

2.  E.  Artacho,  F.  Yndurain,  B.  Pajot,  R.  Ramirez,  C.  P,  Herrero,  L.  I.  Khirunenko,  K.  M.  Itoh  and 
E.  E.  Haller,  Phys.  Rev,  B56,  15  August  1997. 

3 .  B.  Pajot  and  P.  Clauws  in  Proc,  1 S*  International  Conference  on  the  Physics  of  Semiconductors, 
ed.  O.  Engstrom  (World  Scientific,  Singapore,  1987)  pp.  911-914. 

4.  L.  I.  Khirunenko,  V.  I.  Shakostov,  V.  K.  Shinkarenko  and  F.  M.  Vorobkalo,  Fiz.  Tekh. 
Poluprovodn.  24,  401  (1990)  (Sov.  Phys.  Semicond.  24,  663  (1990). 

5.  A.  J.  Mayur,  M.  D.  Sciacca,  M.  K.  Udo,  A.  K.  Ramdas,  K.  Itoh,  J.  Wolk  and  E,  E.  Haller,  Phys. 
Rev.  B49,  16293  (1994). 

6.  M.  Gienger,  M.  Glaser  and  K.  LaBmann,  Solid  State  Commun.  89,  285  (1993). 

7.  S.  J.  Fray,  F.  A.  Johnson,  J,  E.  Quarrington  and  N.  Williams,  Proc.  Phys.  Soc.  85,  153  (1965). 

8.  H.  D.  Fuchs,  C.  H.  Grein,  C.  Thomsen,  M.  Cardona,  W,  L.  Hansen,  E,  E.  Haller  and  K.  Itoh, 
Phys.  Rev.  B43,  4835  (1991). 

9.  M.  Cardona,  P.  Etchegoin,  H.  D.  Fuchs  and  P.  Molinas-Mata,  J.  Phys.i  Condens.  Matter  5,  A61 
(1993). 

10.  R.  C.  Buschert,  A.  E.  Merlini,  S.  Pace,  S,  Rodriguez  and  M.  H.  Grimsditch,  Phys.  Rev.  B38, 
5219(1988). 

11.  P.  Pavone  and  S.  Baroni,  Solid  State  Commun.  90,  295  (1994). 

12.  D.  R.  Bosomworth,  W.  Hayes,  A.  R.  L.  Spray  and  G.  D-  Watkins,  Proc.  Roy.  Soc.  A317,  133 
(1970). 

13.  C.  Song,  B.  Pajot  and  C.  Porte,  Phys.  Rev.  B41,  12330  (1990). 

14.  N.  Aichele,  U.  Gommel,  K.  LaBmann,  F.  Maier,  F.  Zeller,  E.  E.  Haller,  K.  M.  Itoh,  L.  I. 
Khirunenko,  V.  Shakovtsov,  B.  Pajot,  E.  Fogarassy  and  H.  Mussig,  this  conference. 

15.  G.  Davies,  I.  Kiflawi,  G.  Sittas  and  H.  Kanda,  this  conference. 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  47-52 
©  1997  Trans  Tech  Publications,  Switzerland 


ISOTOPIC  SHIFTS  OF  THE  ROTATIONAL  STATES 
OF  INTERSTITIAL  OXYGEN  IN  GERMANIUM 

N.  Aichele^,  U.  GommeP,  K.  Lafimann^,  F.  Maier^,  F.  Zeller^, 

E.E.  Haller^,  K.M.  Itoh^  L.I.  KhirunenW,  V.  Shakhovtsov^*, 

B.  Pajot®,  E.  Fogarassy®,  and  H.  Mxissig’^ 

^Universitat  Stuttgart,  1.  Physikalisches  Institut, 

Pfaffenwaldring  57,  D— 70550  Stuttgart,  GERMANY 
^Lawrence  Berkeley  National  Laboratory  and  University  of  California, 
Berkeley,  CA  94720  USA 

^Department  of  Applied  Physics  and  Physico-Informatics, 

Keio  University,  3-14-1,  Hiyoshi,  Kohoku-ku,  Yokohama  223,  JAPAN 
‘*Institute  of  Physics  of  Ukrainian  National  Academy  of  Sciences, 
Prospect  Nauki  46,  252650  Kiev-22,  UKRAINE 
®Groupe  de  Physique  des  Solides,  Tour  23,  Universite  Denis  Diderot, 

2  place  Jussieu,  F-75251  Paris  Cedex  05,  FRANCE 
®CNRS,  Laboratoire  PHASE,  23  rue  du  Loess,  F-67037  Strasbourg  Cedex  2 
“^United  Monolithic  Semiconductors  GmbH, 
Wilhelm-Runge-Str.  11,  D— 89081  Ulm,  GERMANY 

‘deceased 

Keywords:  Ge:0,  isotope  shift,  phonon  spectroscopy 

Abstract.  By  phonon  spectroscopy  we  find  in  isotopically  enriched  GeiO;  crystals  Ge-isotope 
associated  shifts  of  the  rotational  resonances  that  are  larger  than  compatible  with  the  linewidth 
in  natural  Ge  if  only  the  rotation  of  the  quasi-free  Ge20  molecule  is  considered.  Because  of  the 
reduced  isotope  scattering  of  the  phonons  in  the  enriched  Ge  the  position  of  higher  excited  states 
could  be  determined.  This  may  improve  the  estimate  of  the  height  of  the  axial  potential  barrier. 

Introduction 

A  series  of  phonon  scattering  resonances  between  .18  meV  and  4.08  meV  has  been  found  in 
Ge:0  that  can  be  associated  with  rotational  states  Ei  =  [t^  /  2  ■  I]  -  P\  {I  =  0,  ±1,  ±2, ...)  of 
interstitial  oxygen  up  to  Z  =  ±5  [1].  I  is  the  momentum  of  inertia  of  the  rotating  entity.  The 
state  Z  =  ±3  is  split  by  .28meV  into  states  3-*^  and  3’’'  by  perturbation  of  the  angular  potential 
ditch  from  the  neighbouring  Ge-tripods.  It  follows  that  the  axial  barrier  against  radial  oscilla¬ 
tion  in  the  Ge/^\Ge  complex  must  be  distinctly  higher  and  the  radial  distance  of  the  potential 
minimum  determining  the  rotation  larger  than  for  SirOj.  There  the  much  higher  transition  en¬ 
ergies,  starting  with  3.63  meV  to  the  first  excited  state,  are  compatible  with  a  nearly  stretched 
configuration  with  small  I  [2,  3].  For  rigid  rotation  of  a  free  Ge/°\Ge  quasi-molecule  around 
its  inertial  axis  parallel  to  <111>  one  would  have  I  =  tx-  B?,  where  /i  =  m  ■  q/{l  q)  with 
q  =  2M/m  is  the  reduced  mass  made  up  by  the  germanium  masses  2M  and  the  oxygen  mass  m 
and  R  the  distance  of  the  oxygen  from  the  Ge-Ge  axis.  From  the  fit  to  the  resonance  energies 
this  would  lead  to  R  =  93  pm  (as  compared  to  22  pm  in  Si)  and  to  small  Ge-isotope  shifts 
within  the  observed  linewidth. 

Such  an  estimate  disregards  the  fact  that  the  quasi-molecule  is  tied  to  the  surrounding  lat¬ 
tice  and  its  motion.  To  unravel  the  relative  contributions  of  O,  its  nearest  Ge  neighbours,  and 
the  lattice  to  the  motional  states  of  the  complex,  it  should  be  helpful  to  determine  the  O- 
and  Ge-related  isotope  shifts  of  the  resonances.  The  determination  of  the  latter  shifts  requires 
isotopically  enriched,  quasi-monoisotopic  (qmi)  Ge  crystals.  An  additional  advantage  of  such 
crystals  is  the  reduced  isotope  scattering  of  high-frequency  phonons,  which  could  allow  the 
observation  of  resonant  states  at  energies  higher  than  in  natural  Ge  ("Ge).  The  knowledge  of 
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Figure  1:  Phonon  transmission 
spectra  above  1.18  meV  (Sn- 
detector  threshold)  of  the  ^^Ge- 
enriched  sample.  At  the  lower 
bath  temperature  of  .4  K  the  sig¬ 
nal  is  higher  due  to  the  increased 
detector  sensitivity.  The  transi¬ 
tions  (4-)  from  the  thermally  pop¬ 
ulated  first  excited  state  at  .18 
meV  increase  with  temperature. 
All  lines  are  shifted  downward  in 
energy  as  compared  to  "Ge.  Dou¬ 
blets  around  4.6  meV  and  5.6 
meV  are  not  visible  with  this  sen¬ 
sitivity. 


the  position  of  higher  excited  states  should  improve  an  estimate  of  the  height  of  the  central 
barrier. 

We  report  on  such  measurements  which  show  that  the  Ge-associated  shifts  are  distinctly  larger 
and  the  '^®0-associated  shift  is  smaller  than  calculated  with  the  above  free-molecule  assumption. 
The  Ge-associated  shifts  are  even  larger  than  compatible  with  an  isotope-induced  inhomoge¬ 
neous  linewidth  of  the  resonances  in  natural  germanium  if  one  assumes  that  only  the  nearest 
Ge-neighbours  contribute  to  the  shifts.  This  indicates  some  average  coupling  of  the  lattice  to 
these  low-energy  excitations. 

In  addition,  a  higher  resonance  around  5.8  meV  (position  depending  on  Ge-isotope)  is  observed 
which  probably  belongs  to  the  rotational  state  l  =  ±6.A  weak  further  resonance  near  4.75  meV 
is  possibly  associated  with  a  transition  to  the  first  excited  radial  state.  If  so,  this  could  mean 
a  central  barrier  of  about  12  meV. 

Experimental 

One  ’’^Ge:0  sample  (87.7%  enrichment,  [Oj]  =  6.7-  m"^)  was  Czochralski-grown  at  the 

University  of  Kiev  [4],  three  other  samples: 

^'*Ge:0  [«  89.1%,  «  S-lO^^m-^],  ^^QeiO  [96.7%,  5.5-  lO^^m-^],  ™Ge:0  [95.7%,  15  •  lO^^ 
were  grown  by  the  vertical  Bridgman  method  at  the  Lawrence  Berkeley  National  Laboratory 


Figure  2:  Transmission  spectrum 
(baseline  subtracted)  at  higher 
energies  through  Ge:Oi  enriched 
by  the  isotopes  70,  73,  and  76. 
The  doublets  around  4meV  be¬ 
long  to  Z  =  ±5  [1]  and  those 
around  5.8  meV  possibly  to  I  = 
±6  of  the  ground  state  series. 
(The  ’^^Ge  spectrum  ends  where 
the  critical  current  of  this  specific 
emitter  junction  is  reached.)  The 
weak  doublets  around  4.7meV 
could  be  due  to  transitions  to  the 
first  excited  radial  state. 
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energy  [meV] 


1.60  1.62  1.64  1.66  1.68 


Figure  3:  Position  of  the 
transition  I  =  0  to  I  = 
3”^  for  various  Ge-isotopes. 
The  position  in  °Ge  fits 
well  with  its  average  mass 
into  the  linear  interpola¬ 
tion.  Lower  part:  Superpo¬ 
sition  of  the  various  re¬ 
sonances  (approximated  by 
Lorentzians  with  linewidth 
25  fieV)  according  to  the 
relative  abundances  of  the 
possible  Ge-pair  combina¬ 
tions  in  ”Ge.  The  resultant 
effective  linewidth  is  dis¬ 
tinctly  larger  than  the  ex¬ 
perimental  linewidth  in  "Ge 
at  low  oxygen  concentration 
(broken  line). 


[5].  The  oxygen  contents  and  the  isotopic  enrichments  were  determined  by  high  resolution  IR- 
spectroscopy  from  the  integrated  and  relative  intensity  of  the  isotopic  components  of  the  oxygen 
absorption  in  the  860cm“^-band  [6]. 

Whereas  in  Si  at  higher  oxygen  concentrations  the  natural  ^*0  content  is  detectable  by  phonon 
spectroscopy  [7,  8]  this  will  be  difficult  in  Ge  since  the  resonances  are  broader  and  they  overlap 
where  they  are  strong.  To  the  best  of  our  knowledge,  the  only  Ge  material  reported  in  literature 
as  being  doped  in  the  bulk  with  [9]  is  no  longer  available.  With  germanium  oxide  being 
volatile,  doping  in  the  bulk  with  by  diffusion  is  problematic.  Doping  in  a  surface  layer  turned 
out  to  be  feasible  by  either  implantation  or  by  laser-melting  of  the  surface  in  an  oxygen  ambient. 
The  implantation/annealing  parameters  were  quite  similar  to  those  used  for  the  investigation 
of  oxygen  implantation  to  produce  isolating  GaAs  layers  [10].  The  parameters  for  laser-doping 
may  as  yet  not  be  optimized;  O,  was  detected  only  by  IR. 

Tunnelling  junctions  were  prepared  by  evaporation  and  oxidization  of  Al-  and  Sn-films  for 
phonon  emitters  and  detectors,  respectively.  Temperature  was  varied  between  about  .4  K  and 
1.2  K  in  a  ^He-bath  cryostat  to  determine  the  temperature  dependence  of  the  linewidth  and 
to  distinguish  transitions  starting  from  thermally  occupied  levels.  Due  to  repeated  phonon 
scattering  at  higher  oxygen  concentrations  the  apparent  linewidths  of  the  resonances  will  be 
larger  than  the  true  linewidths.  At  lower  oxygen  concentrations  the  reduced  signal-to-noise 
ratio  resulted  in  larger  error  bars  of  at  most  ±8//eV  which  can  be  improved  by  increased 
measuring  times. 

Results 

Figure  1  shows  a  phonon  transmission  spectrum  of  the  ’"‘‘Ge  enriched  sample  (low  [Oi])  above 
the  threshold  of  the  Sn-detector  (1.18  meV).  Transitions  from  the  ground  state  to  the  rotational 
states  I  =  3'*'  and  3^,  ±4,  ±5  can  be  discerned  in  this  diagram.  The  lines  marked  by  an  arrow 
belong  to  transitions  starting  from  I  =  ±1  and  therefore  decrease  with  decreasing  temperature. 
All  line  positions  are  shifted  to  lower  energies  than  in  “Ge.  The  linewidth  of  the  transitions 
from  the  ground  state  (about  30  ^eV)  do  not  noticeably  change  with  temperature,  i.e.,  lifetime 
broadening  does  not  significantly  contribute  to  the  measured  linewidth.  In  a  sample  of"Ge  with 
similar  oxygen  content  the  linewidth  is  somewhat  broader,  namely  about  35  fieV.  So,  possibly 
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Figure  4:  Transmission  spectra  of  non- 
implanted,  and  (^®0  + 

^®0)-co-implanted  Ge  in  the  range 
around  the  I  =  ±1  tol  =  transition 
(4-).  The  origin  of  the  satellite  in  the 
^®0-implanted  sample  is  not  clear.  The 
resonances  in  the  co-implanted  sample 
are  broadened  possibly  by  the  higher 
dose  applied.  The  measured  oxygen  iso¬ 
topic  ratio  (1.06)  of  the  resonance  fre¬ 
quency  is  smaller  than  expected  (1.125) 
if  oxygen  alone  would  rotate. 

there  is  an  additional  broadening  mechanism,  be  it  by  larger  internal  strains  in  this  specific 
sample  or  by  Ge-isotopic  shifts  in  "Ge  in  general. 

Ge-isotopic  shifts  are  found  in  all  the  qmi  samples.  This  is  shown  in  Fig.  2  specifically  for  the 
high-energy  part  of  the  spectrum  where  the  shifts  are  larger  than  at  lower  energies.  This  figure 
also  shows  weak  doublets  at  about  4.8  meV,  previously  found  in  a  thin  sample  of  Ge  [7,  8],  and 
another  transition  at  about  5.8  meV  detected  only  in  the  qmi  samples  because  of  the  reduced 
isotope  scattering.  The  average  mass  dependence  is  quite  accurately  represented  by  a  linear 
fit  as  shown  in  Fig.  3  for  the  I  =  0  to  I  =  transition.  This  linear  interpolation  allows  to 
predict  hypothetical  line  positions  and  intensities  for  the  15  combinations  which  should  occur 
if  the  line  in  natural  Ge  is  inhomogeneously  broadened  by  a  superposition  of  the  lines  due  to 
the  different  isotopic  combinations.  The  resultant  inhomogeneous  line  shape  for  natural  Ge  is 
distinctly  broader  than  the  experimental  one  (Fig.  3). 

Though  ^®0-doping  by  implantation  or  laser-melting  was  only  in  a  surface  layer  of  less  than 
1/im  it  could  be  detected  by  IR  absorption  in  both  cases  whereas  by  phonon  spectroscopy  only 
in  the  implanted  layer  and  only  the  strongest  transition  l  =  ±l  to  I  =  was  detected  (Fig.  4). 
If  only  the  oxygen  would  rotate  a  value  of  E/E'  =  m' Im  =  18/16  =  1.125  would  be  expected 
in  the  rigid  rotator  approximation  whereas  the  observed  ratio  is  only  1.06.  This  again  suggests 
an  accompanying  motion  of  the  Ge-neighbours  in  the  rotation. 

Discussion 

The  existence  of  a  Ge  isotope  shift  connected  with  the  hindered  rotation  of  O,  could  be  ex¬ 
pected  for  appropriate  displacement  r  of  the  Ge-Ge  axis  from  the  rotation  axis  (see  also  [12]). 
J  =  2  •  Mr^  +  m{R  +  R\g^q  -b  (Id-  9)%  where  g  =  r/R  is  positive  or  negative  for  co- 

or  counter-rotation  of  the  Ge,  respectively. 

The  corresponding  ratio  for  the  variation  with  M  for  given  m  is  E/E'  =  [(G  -t-  q')l(G  +  q)], 
where  G  =  [(1  -b  g)/g]^,  assuming  g  ^  0  and  not  to  depend  on  the  isotopic  mass.  The  observed 
ratios  of  1.02  and  0.98  for  '^^Ge  v.  ’’“Ge  and  ^*Ge  v.  '^®Ge,  respectively,  can  be  approximated 
by  c?  =  0.46  and  g  =  0.49  or  c?  =  -0.24  and  g  =  -0.25,  respectively.  For  these  values  of  g 
one  obtains  for  the  oxygen  isotopic  ratio  nearly  identical  values  around  1.063  very  close  to  the 
experimental  value  of  1.06.  (1.097  would  be  expected  for  rotation  around  the  axis  of  inertia  of 
the  Ge20-molecule.)  For  '’’“Ge  one  would  then  obtain  R  =  43  pm  and  r  =  19  pm  for  co-rotation 
and  R  =  83  pm  r  =  -20  pm  for  counter-rotation. 

Large  values  of  jrj  should  imply  a  large  lattice  interaction.  It  is  suggestive  to  include  an  effective 
interaction  mass  by  replacing  M  by  M(1  -b  a:)  in  the  case  of  monoisotopic  Ge.  Its  inclusion  will 
also  help  to  reduce  r.  The  effect  is,  however,  only  small:  Taking  e.g.  x  as  large  as  0.8  a  good  fit 
to  the  O-  and  Ge-isotopic  shifts  is  obtained  for  g  =  0.30  as  well  for  g  =  -0.19,  i.e.  for  co-  and 
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counter-rotation . 

The  consistency  of  numbers  could  be  fortuitous:  Assuming  that  g  and  x  are  independent  of  the 
isotopic  masses  does  not  lead  to  a  compatible  set  of  equations  for  the  determination  of  these 
parameters.  The  value  of  x  =  .8  taken  here  is  also  rather  large  as  compared  to  xfs  .16  obtained 
in  "Ge  [6]  or  to  xw  .31  obtained  in  qmi  Ge  [11]  for  the  isotope  dependence  of  the  antisymmetric 
^3  mode  where  Ge  inherently  participates  in  the  high  frequency  motion  of  the  Ge20  complex. 
Besides,  both  values  of  g  appear  to  be  rather  large  in  view  of  the  fact  that  the  angular  hindering 
potential  amplitude  of  the  rotating  entity  reflecting  the  symmetry  of  the  neighbouring  tripods 
is  only  .28meV  [Ij.  On  the  other  hand,  a  large  lattice  interaction  could  reconcile  the  observed 
linewidth  of  the  resonances  in  "Ge  by  some  averaging:  If  only  the  immediate  Ge  neighbours 
would  determine  the  shifts  then  the  superposition  of  the  various  isotopic  shifts  according  to  the 
abundances  of  the  possible  Ge-pair  combinations  would  lead  to  too  large  a  linewidth  in  "Ge  as 
evident  from  Fig.  3.  It  might  be  helpful,  therefore,  to  separate  the  contributions  by  determining 
the  line  shapes  of  the  resonances  in  an  oxygen-doped  50%/50%  ''’®Ge/™Ge-crystal. 

A  contribution  of  the  lattice  might  be  mediated  via  anharmonic  coupling  to  higher  modes  of 
the  complex.  Goupling  between  the  low-energy  rotational  states  and  the  1/3  mode  is  evident 
and  well  known  from  the  fine  structure  of  the  860  cm~^  band  which  has  been  investigated  in  re¬ 
cent  years  by  high-resolution  IR  techniques  revealing  isotopic  shifts  of  the  band  for  the  various 
Ge-isotopic  pair  combinations  in  "Ge  as  well  as  in  isotopically  enriched  crystals  [6,  4,  11,  12]. 
Also  for  this  band  differences  have  been  observed  for  corresponding  isotopic  shifts  in  natural 
and  qmi  germanium  [12,  13]  that  have  been  ascribed  to  coupling  with  lattice  phonons. 

A  Ge-isotopic  shift  depending  on  the  average  lattice  mass  does  not  necessarily  include  a  Ge- 
rotation:  E.g.  the  isotope  dependence  of  the  lattice  constant  via  anharmonicity  in  the  zero-point 
motion  could  in  principle  change  the  rotator  potential.  The  effect  seems,  however,  to  be  too 
small  by  about  two  orders  of  magnitude  if  one  argues  as  follows:  The  measured  relative  change 
of  the  ^^Ge/"Ge  lattice  constants  is  about  —15  •  10“®  at  low  temperatures  [15].  The  measured 
shift  of  the  2.66  meV  resonance  under  <lll>-uniaxial  stress  is  -.8meV/GPa  [1].  If  we  translate 
the  stress  via  the  elastic  constant  into  a  macroscopic  strain  and  assume  this  to  be  equivalent  to 
the  change  in  lattice  constant  then  we  obtain  a  shift  of  only  .3/reV  as  compared  to  the  40  fieV 
measured. 

Regarding  the  interpretation  of  the  observed  higher  resonances  one  possible  explanation  is  ob¬ 
tained  from  a  fit  to  the  level  scheme  calculated  with  a  model  potential  by  Yamada-Kaneta  et 
al.  [3].  In  this  case  the  level  at  4.74 meV  in  "Ge  is  due  to  the  transition  to  the  first  excited  2D 
radial  state  and  the  line  near  5.8  meV  the  transition  to  the  rotational  state  I  -  ±6  of  the  ground 
state  series.  In  this  scheme  one  would  expect  the  I  -  ±1  state  of  the  excited  radial  series  near 
5.1  meV.  Its  observation  may  be  difficult  if  the  phonon  transition  probability  is  small.  (See  [14] 
for  a  discussion  of  phonon  interaction  in  the  case  of  Si:Oi.)  From  the  fit  within  this  model  one 
would  obtain  «12meV  for  the  height  of  the  axial  barrier. 

A  good  fit  to  the  experimental  data  is  also  possible  in  terms  of  a  non-rigid  rotator  model  with 
a  harmonic  potential  taking  into  account  the  centrifugal  distortion  [12]  as  was  similarly  done  in 
the  case  of  Si:Oi  [2].  From  this  fit  the  next  rotational  level  f  =  ±6  is  also  expected  near  5.7  meV 
but  the  first  excited  radial  level  at  about  9.2  meV.  A  correspondingly  large  central  barrier  of 
about  236  meV  is  reported  [12]  to  result  from  first-principles  total-energy  calculations.  A  help 
for  the  interpretation  of  the  observed  levels  at  4.75  meV  and  5.8  meV  may  come  from  additional 
measurements:  Whereas  under  <lll>-uniaxial  stress  the  ground  rotational  states  decrease  in 
energy  by  the  increased  momentum  of  inertia  there  should  be  an  increase  for  the  first  excited 
radial  state  series  by  an  increase  of  the  axial  barrier.  Also,  FIR  transitions  to  these  states  might 
be  measureable  in  absorption,  or,  more  indirectly,  by  photon/phonon  sequential  transitions. 

In  conclusion  we  find  that  by  the  investigation  of  the  low-lying  resonant  states  in  oxygen-doped 
qmi  germanium  with  phonon  spectroscopy  (PS)  substantial  new  information  has  been  obtained 
that  may  help  to  obtain  an  improved  understanding  of  the  dynamics  of  interstitial  oxygen  in 
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germanium.  Relevant  additional  data  regarding  the  coupling  of  these  states  to  the  lattice  and 
the  assignment  of  the  observed  higher  resonances  are  expected  from  FIR  or  combined  FIR/PS 
absorption,  from  the  growth  of  oxygen-doped  Ge-isotopic  mixtures,  and  from  the  stress  de¬ 
pendence  of  the  level  positions. 
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DLTS  COMBINED  WITH  PERTURBED  ANGULAR 
CORRELATION  (PAC)  ON  RADIOACTIVE  ^“in  ATOMS  IN  Ge 
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Abstract.  We  have  combined  two  different  techniques  to  study  deep  level  defects  in  Germanium 
on  a  microscopic  scale:  Deep  Level  Transient  Spectroscopy  (DLTS)  and  Perturbed  Angular 
Correlation  (PAC).  The  combining  element  is  the  use  of  radioactive  probe  atoms  on  which  both 
techniques  are  focused.  For  this  purpose  radioactive  *"ln  atoms  are  implanted  in  Ge  subsequently 
prepared  as  Schottky  contact.  During  the  decay  to  ‘"Cd  DLTS  is  measured  repeatedly.  A  level  at 
Ev+0.15  eV  increasing  in  concentration  according  to  the  lifetime  of  ”’ln  can  be  assigned  to  the 
daughter  atom  '“Cd.  In  a  further  series  of  experiments  additional  electron  irradiation  is  performed 
on  the  “'in-doped  samples  and  the  DLTS  again  is  measured  repeatedly.  A  new  level  at  Ev+0.33 
eV  is  detected  which  decreases  with  the  “'in  lifetime.  In  the  course  of  the  DLTS  measurements 
PAC  was  measured  on  the  same  samples.  From  those  spectra  the  trapping  of  a  defect  at  the  '“in 
probes  can  be  deduced  characterized  by  a  quadrupole  interaction  frequency  vq=52  MHz.  Since 
this  is  the  only  defect  component  seen  in  the  PAC  spectra  (except  for  the  substitutional 
component),  we  identify  this  component  with  the  defect  seen  by  DLTS.  In  former  PAC 
measurements  we  have  identified  the  trapped  defect  as  a  neutral  monovacancy.  From  this 
correspondence  we  assign  a '“in-V  pair  to  the  decreasing  DLTS  level. 


Introduction. 

Deep  Level  Transient  Spectroscopy  (DLTS)  is  an  important,  well  established  method  to  study 
deep  centers  in  semiconductors  [1].  A  weakness  of  this  method,  however,  is  that  DLTS  does  not 
contain  information  on  the  chemical  nature  and  microscopic  structure  of  the  observed  defects. 
This  deficiency  makes  it  difficult  to  correlate  DLTS  rvith  structural  sensitive  methods  like,  e.g.. 
Electron  Paramagnetic  Resonance  (EPR).  In  recent  developments  it  was  shown  that  chemical 
information  may  be  added  by  applying  DLTS  to  radioactive  impurity  atoms  [2,3].  The  decay  of 
unstable  elements  then  may  lead  to  a  decrease  or  increase  of  a  measured  DLTS  signal  depending 
on  whether  a  decay  or  a  formation  of  a  certain  deep  level  is  observed,  see  Fig.l.  Even  more 
complex  situations  may  be  observable  like  the  formation  of  a  pair  consisting  of  two  radioactive 
atoms  [4].  A  common  situation  in  defect  physics  is  the  interaction  of  impurity  atoms  with  intrinsic 
defects.  As  an  example,  dopant  atoms  might  interact  with  intrinsic  defects  like  vacancies  and  self¬ 
interstitials  thereby  changing  the  free  carrier  concentration  from  the  value  of  the  dopant 
concentration.  In  such  a  case  one  would  like  to  have  a  structure  sensitive  technique  to  correlate 
with  DLTS  in  order  to  arrive  at  an  atomistic  understanding  of  the  observed  effects. 

In  the  following  we  report  on  experiments  to  exemplify  such  a  correlation.  For  this  purpose  we 
perform  DLTS  on  radioactive  impurities  which  at  the  same  time  serve  as  probe  atoms  for  the 
Perturbed  Angular  Correlation  technique  (PAC).  Two  types  of  experiments  are  performed;  in  the 
first  the  decay  of  radioactive  '“in  to  '“Cd  is  monitored  by  repeated  DLTS  scans  in  the  course  of 
the  decay.  In  this  experiment  one  expects  to  observe  the  increase  of  a  signal  due  to  the  emerging 
'“Cd  deep  level  originating  from  the  DLTS-invisible  shallow  '“in  level.  In  the  second  type  the 


54 


Defects  in  Semiconductors  -  ICDS-19 


between  the  “^In  probe  and  a 
defect  occurs  an  electric  field 
gradient  is  induced  at  the  probe 
leading  to  a  nuclear  quadrupole 
interaction  measured  on  the  5/2 
state  of  the  "'Cd  daughter 
nucleus  by  means  of  a  y-y 
perturbed  angular  correlation 
experiment  (PAC).  A  recent 
review  of  this  technique  is  given 
in  [5], 


*’*In  doped  samples  are  additionally  electron  irradiated  to  produce  single  Frenkel  pairs,  i.e., 
vacancies  and  self-interstitials.  Formation  of  pairs  with  the  ’**In  atoms  may  then  lead  to  additional 
deep  levels,  either  directly  in  form  of  ^”ln-defect  pairs  or  following  the  transmutation  in  form  of 
*“Cd-related  defects. 

In  addition  we  perform  PAC 

experiments  on  the  same 

samples.  PAC  is  a  radioactive 

probe  technique  which  is 

sensitive  to  the  immediate 

neighborhood  of  the  probes  on 

an  atomic  scale.  If  pair  formation 
111 


Fig.  1:  Principle  of  decreasing  (related  to  "'in)  and 
increasing  (related  to  '"Cd)  DLTS  signal  versus  decay  mean- 
life  of  the  "'in  activity. 


Experimental. 

Ge  crystals  (p(Ga)-type)  with  doping  concentrations  of  2-10'^  cm'^  were  implanted  with  the  well 
known  PAC  probe  nucleus  *"ln  (T1/2  =  2.8  d).  The  implantation  was  performed  with  a  recoil 
implantation  technique  [6]  which  results  in  a  rather  uniformly  implanted  zone  of  4  pm  thiclmess. 
The  concentration  of  radioactive  probe  atoms  amounts  from  about  M0“  cm'^  to  2-10  cm 
depending  on  the  implantation  condition  chosen  and  is  small  compared  to  the  initial  doping 
concentration.  Following  the  probe  implantation  an  annealing  in  a  sealed  capsule  under  low  Ar 
pressure  at  600°C  is  performed  to  remove  the  implantation  damage  and  to  electrically  activate  the 
probe  atoms.  Subsequently  Schottky  contacts  including  the  radioactive  probes  were  prepared  by 
evaporating  A1  after  proper  sample  treatment.  DLTS  measurements  were  performed  for  a  variety 
of  samples  either  with  or  without  additional  electron  irradiation  (electron  energy  =  1.2  MeV; 
typical  fluences  M0‘’  cm''^  to  2  -10**  cm'^)  .The  samples  without  electron  irradiation  are  also  used 
to  monitor  the  implantation  process  showing  that  unwanted  impurities  amount  to  at  most  the 
concentration  of  the  ‘"in  probe  atoms.  In  additional  experiments  also  inactive  impurities  were 
implanted  for  a  broader  view  on  the  impurity  and/or  irradiation  aspects  [7].  In  this  paper  we  will 
mainly  concentrate  on  the  “‘in  implanted  samples  and  the  comparison  with  the  related  PAC.  The 
PAC  experiments  were  performed  alternating  with  the  DLTS  scans  on  the  same  probes  over  a 
span  dictated  by  the  lifetime  of ‘‘‘in. 


Results  and  Discussion. 

Figure  2  shows  DLTS  spectra  of  a  sample  implanted  with  ‘‘‘in  and  subsequent  annealing  without 
additional  electron  irradiation.  The  spectra  were  taken  at  various  times  during  the  decay  of  the 
‘‘‘in  activity.  The  time  zero  was  taken  at  the  end  of  the  implantation.  There  is  a  strong  level  at 
approximately  90  K  the  intensity  of  which  grows  with  increasing  time.  A  second  level  at 
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approximately  115  K  is  always  present  in  our  spectra  but  has  no  time  dependence  in  its  intensity. 
It  is  related  to  our  implantation  conditions.  Figure  3  shows  the  peak  height  of  the  9o  K  level  as 
function  of  the  decay  time  .  This  time-dependent  height  was  fitted  with  a  fonction 


N(t)=No  +  Ni(l  -exp(-t/T)). 


(1) 


In  this  formula  t  is  the  radioactive  decay  meanlife,  Ni  is  the  saturation  value  of  the  peak  height  for 
long  times  and  No  is  a  possible  intensity  already  present  at  the  beginning  of  the  measurement.  The 
solid  line  is  a  fit  with  the  meanlife  of 
’’’in  =  98  h.  The  good  fit  with  this 
parameter  shows,  that  the  level 
emerging  at  9o  K  must  be  ascribed  to 
a  deep  level  associated  with  ’”Cd. 

The  intensity  No  is  zero  within  the 
accuracy  of  our  measurement 
showing  on  the  one  hand  that  no 
stable  Cd  is  produced  during  the 
implantation  (along  with  the  ’’’in 
intensity)  and  that  the  small  fraction 
which  has  already  decayed  from  ’’’in 
during  implantation  is  not  detectable. 

The  saturation  value  Ni  deduced 
from  the  fit  and  converted  with  the 
background  doping  concentration  to 
a  ”’Cd  concentration  is  2.5- lO’^  cm‘^. 

This  number  agrees  quite  well  with 
our  estimation  of  the  implanted  ’“in 
activity.  We  note,  however,  that  no 
correction  has  been  made  to  this 
number  for  a  possible  inhomogeneous  implantation  profile  which  might  result  in  an  estimated 
error  of  at  most  30%. 


Fig.  2:  DLTS  signals  for  radioactive  "'in  in  Ge 
measured  at  various  times  during  the  decay  to  "'Cd  (time 
increasing  from  bottom  to  top  (a  -  e)). 


Fig.  3:  DLTS  peak  height  of  the  90  K  level  of  Fig.  2  as 
function  of  the  "'in  decay  time.  Different  symbols 
correspond  to  different  rate  windows. 


Since  ’’’in  is  a  shallow  acceptor 
in  Ge  one  expects  it  to  occupy  a 
substitutional  lattice  site.  Any  recoil 
energies  involved  in  the  13-decay  to 
’’’Cd  (<  leV  mostly  due  to  the 
emission  of  a  neutrino)  are  small 
compared  to  the  displacement 
energy  in  Ge  (about  20  eV),  hence 
for  the  daughter  ’’’Cd  also  a 
substitutional  site  (which  is 
corroborated  by  our  PAG  results)  is 
expected  acting  as  a  double 
acceptor.  Concerning  the  electronic 
properties  an  Arrhenius  plot  of  the 
90  K  level  extracted  fi-om  DLTS 
measurements  with  varying  rate 
windows  was  produced  which  yields 
a  level  energy  Ea  =Ev  +0.15(1)  eV. 
From  the  measured  lower  limit  of 
the  hole  trapping  cross  section 
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Coulomb  attraction  can  be  deduced  showing  that  the  level  must  be  an  acceptor.  Since  the  first 
acceptor  level  is  expected  very  close  to  the  valence  band  [8]  and  we  observe  only  one  level  we 
assign  our  level  to  the  second  acceptor 
level,  Cd^'^‘. 

In  further  experiments  the  *“ln 
implanted  samples  were  additionally 
electron  irradiated  with  a  fluence  of 
M0‘®  cm'^.  Subsequently  a  DLTS 
spectrum  was  measured,  displayed  in 
Fig.  4.  A  rough  survey  shows  that  the 
spectrum  contains  4  peaks.  We  give 
here  a  short  assignment  of  these  peaks 
obtained  from  a  large  variety  of 
supporting  experiments  [7].  The  peak  at 
90  K  is  due  to  the  Cd  level  obtained  in 
the  decay  of  "*In  as  presented  above 
which  in  addition  has  a  component  at 
almost  the  same  temperature  which  is 
produced  by  the  additional  electron 
irradiation.  The  peak  at  about  120  K  is 
also  due  to  the  additional  electron 
irradiation.  The  small  peak  at  about  165 
K  is  a  small  byproduct  of  the  *'‘ln 
implantation  procedure.  The  large  peak 
at  210  K  is  the  most  interesting  in  this 
context:  it  is  strong  at  the  beginning  of  the  successive  DLTS  measurements  and  then  decays  with 
the  meanlife  of  the  ‘“in  activity  according  to: 

N(t)  =  No  exp  (- 1  /  r).  (2) 

The  levels  at  120K  and  165K,  respectively,  do  not  show  peak  height  variations  in  the  successive 
measurements.  In  Fig.  5  we  have  plotted  the  peak  height  of  the  21  OK  level  as  function  of  the 

delay  time  after  the  implantation 
procedure.  A  fit  according  to  (2) 
yields  a  lifetime  of  98  h  showing 
that  the  decaying  deep  level  is 
associated  with  a  radioactive  “‘in 
atom.  The  initial  concentration  of 
the  active  “‘in-complex  (No) 
evaluated  from  the  capacity 
change  and  the  background 
doping  concentration  is  10(3)-10‘^ 
cm'^.  An  evaluation  of  the  level 
energy  from  an  Arrhenius  plot 
yields  Ev  +0.33(1)  eV. 

In  general  the  interpretation  of 
DLTS  spectra  of  samples 
containing  impurity  atoms  and 
subjected  to  additional  electron 
irradiation  is  to  a  certain  degree 
speculative  due  to  the  above 


norm,  decay  time  t  /  t 


Fig.  5:  Peak  heights  of  the  ‘‘‘in-V  signal  (from  Fig.  4 
versus  decay  time.  The  curve  represents  a  fit  of  Eq.  2. 


Fig.  4:  DLTS  signals  of  '"in  doped  and  electron 
irradiated  Ge.  Spectrum  taken  at  121  h  after  "'in 
implantation. 
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mentioned  insensitivity  with  respect  to  the  chemical  identity  and  the  structure  of  the  defects 
involved.  In  the  experiments  discussed  so  far  chemical  sensitivity  could  be  obtained  for  the  levels 
associated  with  the  radioactive  In.  To 
study  the  intrinsic  defects  in  Ge  and  their 
interaction  with  the  shallow  acceptor  In  in 
more  detail  we  have  been  applying  the 
microscopically  sensitive  PAC  technique 
in  a  variety  of  experimental  situations 
[9,10].  The  recent  progress  of  this  work  is 
presented  at  this  conference  [10].  The 
important  PAC  experiment  directly 
relating  to  the  DLTS  experiment  of  the 
irradiated  sample  was  performed  as 
follows:  alternating  with  the  DLTS  scans 
the  sample  was  measured  with  the  PAC 
spectrometer  at  room  temperature. 

Figure  6  shows  a  PAC  spectrum 
measured  at  room  temperature  (with 
electron  irradiation  at  77  K).  This 
spectrum  shows  one  defect  component 
characterized  by  a  quadrupole  frequency 
Vq  =  52  MHz.  In  detailed  experiments 
[10]  we  have  shown  that  this  defect  is  due  to  a  neutral  monovacancy  trapped  at  the  '“in  probe, 
"'in-V.  A  further  parameters  of  this  defect  pair  obtained  by  PAC  is  the  geometrical  structure:  the 
pair  is  oriented  in  <11 1>  crystal  directions  [11]  and  is  axially  symmetric.  The  formation 
temperature  was  also  determined  as  2oo(5)  K  corresponding  to  a  migration  energy  of  the  vacancy 
of  0.5(1)  eV.  Since  this  is  the  only  observable  defect  associated  with  the  probe  (the  rest  of  the 
spectrum  shows  “'in  on  unperturbed  substitutional  sites)  we  identify  this  defect  with  the  level 
seen  by  DLTS  at  Ev  +  0.33  eV.  Another  interesting  feature  is  the  fact  that  from  PAC  the 
interaction  strength  of  the  monovacancy  with  the  In  probe  and  the  Ga  dopants,  respectively,  can 
be  compared.  It  turns  out,  that  In  is  about  100  times  more  effective  than  Ga  in  attracting  neutral 
vacancies  which  can  also  be  demonstrated  by  DLTS  [7]. 

We  finally  remark  that  we  have  undertaken  these  combined  experiments  also  in  n-type  Ge 
where  a  different  type  of  defect  formation  with  the  '“in  probe  can  be  monitored  by  PAC  upon 
electron  irradiation  [9,10].  Our  DLTS  spectra,  however,  so  far  do  not  show  a  level  undergoing  a 
change  related  to  the  nuclear  transmutation  [7]. 


Fig.  6:  PAC  spectrum  of  '"in  implanted  and 
electron  irradiated  Ge.  The  fitted  frequency  is  the 
vacancy  signal  and  corresponds  to  the  "'in-V  peak 
of  the  DLTS  spectrum  in  Fig.  4. 


Conclusion. 

We  have  presented  an  example  of  a  study  in  which  two  different  experimental  techniques  are 
combined  to  give  atomic-level  information  on  a  specified  point  defect  and  its  interaction  with 
dopant  atoms  in  a  semiconductor.  These  two  techniques  are  the  structure-  and  element-sensitive 
PAC  and  the  DLTS.  The  combining  bond  is  the  use  of  radioactive  impurity  atoms,  in  our  case 
'“in,  which  is  the  probe  nucleus  for  PAC  and  by  its  characteristic  decay  time  serves  as  an 
additional  label  to  identify  the  corresponding  DLTS  level.  In  this  way  structural,  kinetic  and 
electrical  parameters  for  the  monovacancy-In  defect  complex  in  Ge  could  be  obtained.  We  have 
chosen  Ge  for  this  study  since  detailed  defect  information  from  PAC  was  already  available  [9,10], 
in  particular  a  conclusive  identification  of  the  monovacancy  and,  to  a  high  degree  of  certainty, 
also  of  the  self-interstitial.  Other  semiconductors,  however,  are  also  suited  for  such  studies. 
Further  investigations  in  Ge  with  the  aim  of  finding  a  DLTS  signal  related  to  the  trapping  of  the 
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self-interstitial  at  the  ‘“in  probes  are  presently  under  way.  With  the  unique  identification  of  the 
In-related  defects  in  the  DLTS  spectra  one  also  has  in  some  cases  an  additional  handle  to  unveil 
the  nature  of  other  defect  levels  appearing  [7],  A  detailed  publication  of  the  work  presented  here 
will  follow. 
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Abstract.  We  have  employed  two  different  techniques  of  Frenkel  pair  production  in 
combination  with  the  Perturbed  Angular  Correlation  method  (PAC)  to  study  and  identify  the  basic 
intrinsic  defects  in  Germanium.  In  one  of  the  techniques  the  PAC  probe  atom  ^**In  serves  as 
primary  knock-on  atom  due  to  a  29  eV  recoil  energy  from  a  neutrino  produced  in  the  nuclear 
decay  of  the  probe’s  precursor,  ‘"Sn.  This  leads  to  the  production  of  single  Frenkel  pairs  with  the 
’”ln  probe  adjacent  to  a  vacancy  identifying  this  defect.  In  the  other  technique  the  Ge  crystals  are 
electron  irradiated  leading  to  the  trapping  of  two  different  defects  at  the  "*In  probes.  Detailed 
studies  of  this  trapping  behavior  as  function  of  temperature  and  Fermi  level  are  performed.  One  of 
the  trapped  defects  is  identified  as  the  monovacancy  from  comparison  with  the  neutrino  recoil 
experiment,  the  second  defect  is  assigned  to  a  trapped  self-interstitial.  This  assignment  is  based  on 
exclusion  of  alternatives  on  the  one  hand  and  by  indirect  kinetic  information  from  the  neutrino 
recoil.  An  acceptor  state  for  the  vacancy  at  Ev+  0.20  eV  is  deduced.  Long  range  migration  of  the 
neutral  vacancy  and  the  interstitial  takes  place  at  200(5)  K  and  220(5)  K,  respectively. 


Introduction. 


'Sn  {Ti,2  =  35min) 


The  elementary  defects  in  Germanium  have  attracted  intensive  research  for  a  long  time  and 

numerous  results  have  been  obtained 
by  application  of  mostly  electrical 
techniques  [1,2].  However,  contrary 
to  the  case  of  silicon  [3],  no 
microscopic  identification  of  either 
the  vacancy  or  the  self-interstitial  has 
yet  been  accomplished.  This  is 
mainly  due  to  the  fact  that  methods 
suited  •  to  give  microscopic 
information  like  Electron 
Paramagnetic  Resonance  (EPR) 
have  for  various  reasons  only  limited 
success  when  applied  to  Ge.  Thus,  a 
definite  assignment  of  the  collected 
data  to  the  basic  defects  and  their 
properties  is  still  missing  and 
interpretation  of  the  results  has 
remained  speculative. 

In  our  experiments  we  use  the 


Y2 


’Cd 


Fig.  1:  Simplified  decay  scheme  of  the  PAC  probe  '"in 
with  precursor  "'Sn. 


PAC  technique  on  the  probe  nucleus  *"ln  which  is  able  to  monitor  a  defect  which  is  in  the 
immediate  neighborhood  of  the  PAC  probe.  In  such  a  case  an  electric  field  gradient  is  induced  at 
the  probe  nucleus  leading  to  a  nuclear  quadrupole  interaction  measured  on  the  5/2^^  state  of  the 
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"‘Cd  daughter  nucleus  by  means  of  a  y-y  angular  correlation  experiment.  A  recent  review  can  be 
found  in  Ref  [4], 

We  apply  the  PAC  technique  in  two  different  ways:  in  the  first  way  the  Ge  samples  are  doped 
with  the  *''ln  probes  followed  by  defect  introduction  via  electron  irradiation  at  77  K.  In  a 
subsequent  annealing  process  the  defects  are  mobilized  and  may  be  trapped  at  the  probes  if  an 
attractive  interaction  exists.  In  the  second  way  defects  are  produced  by  using  the  ***In  probe 
simultaneously  as  the  primary  knock-on  atom.  This  is  accomplished  by  starting  the  PAC  technique 
not  on  the  usual  *'*In  activity  but  on  the  radioactive  precursor  ''*Sn.  In  its  decay  to  ”’ln  a  high 
energy  neutrino  is  emitted  leading  to  a  recoil  energy  of  29  eV.  This  is  just  above  threshold  for  the 
production  of  single  Frenkel  pairs  centered  on  the  **'ln  atom  on  which  subsequently  PAC  is 
measured.  In  this  way  Frenkel  pair  production  can  be  studied  microscopically  [5].  Figure  1  shows 
the  decay  scheme  of  "*In  with  its  precursor  *'*Sn  feeding  the  5/2*  state  in  ^"Cd. 


Electron  Irradiation  Experiments. 

P-type  (Ga)  and  n-type  (Sb)  Ge  single  crystals  in  a  wide  range  of  acceptor/donor  concentrations 
were  used  in  the  experiments.  The  ‘"in  probes  were  introduced  by  a  recoil  implantation  technique 
leading  to  low  probe  concentrations  of  about  5-10'^  cm'^  with  a  constant  depth  profile  up  to  4pm 

[5] .  Following  implantation  the  samples  were  annealed  in  an  Ar  atmosphere  at  600°C  for  10  min 
to  remove  the  implantation  damage.  Subsequently  measured  PAC  spectra  at  room  temperature 
always  show  a  completely  flat  spectrum  proving  that  all  of  the  probe  atoms  are  in  a  defect  free 
environment  which  for  the  shallow  acceptor  In  in  Ge  is  the  substitutional  site.  After  annealing  the 
samples  were  irradiated  with  1.2  MeV  electrons  at  77  K  to  a  fluence  of  5T0'^  cm'^  producing 
almost  exclusively  single  Frenkel  pairs.  Subsequently,  two  types  of  experiments  were  performed: 
isochronal  annealing  experiments  to  study  the  trapping  behavior  of  the  irradiation  induced  defects 
as  function  of  temperature  on  the  one  hand  and  experiments  in  variously  doped  material  to  study 
the  Fermi  level  dependence  of  the  trapping  process.  Some  preliminary  results  were  reported  in 

[6] . 


fa)  Isochronal  Annealings 

Figure  2  shows  results  of  the  isochronal  annealing  experiments  (10  min)  in  p-type  Ge.  Two  defect 


Fig.  2:  Normalized  fractions  f  (squares)  and  {2 
(circles)  measured  at  77  K  versus  annealing 
temperature  in  p-type  Ge. 


components  ft  and  f2  characterized  by 
quadrupole  interaction  frequencies  Vqi 
=  54  MHz  and  Vq2  =  420  MHz  appear 
in  the  PAC  spectra  at  Tann  =  200  K 
(vqi)  and  220  K  (vqz),  respectively 
(measured  at  77  K).  These  frequencies 
were  first  reported  in  [7,8]  and  in  [9]. 
It  was  also  shown  that  both 
components  are  oriented  along  the 
<11 1>  directions  [9].  Only  speculative 
interpretations  could  be  given  at  that 
time.  Our  annealing  spectra  now  show 
that  the  trapping  for  these  defects 
occurs  well  separated  but  closely 
together  within  20  K.  The  stability  for 
both  defect  components  extends  to 
about  400  K  and  is  again  rather  close 
together  but  also  well  separated. 
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Above  this  temperature  thermal  dissociation  of  the  probe-defect  complexes  occurs. 


Figure  3  shows  PAC  spectra  of  variously  doped  Ge  samples  and  Fig  .4  shows  the  trapping 
behavior  of  the  defects  fi  and  fz  extracted  from  the  PAC  spectra  as  function  of  the  carrier 
concentration  of  the  electron  irradiated  Ge  crystals.  For  all  these  results  aimealing  experiments 
were  performed  to  check  the  temperature  dependence  of  the  probe-defect  pair  formation  process. 
It  turned  out  that  trapping  always  occurred  around  200  K  already  known  from  Fig.  2  or  not  at  all 

up  to  temperatures 
of  600  K.  Therefore 


0  100  200 


time  [ns] 


Fig.  3:  PAC  spectra  of  variously  doped  Ge  samples.  From  top:(l) 
completely  annealed  (n-type);  electron  irradiated:  (2)  lightly  n-doped,  (3) 
medium  p-doped,  (4)  heavily  p-doped. 


the  carrier 

concentration  was 
measured  by  Hall 
effect  around  200  K 
which  allowed  to 
determine  the  Fermi 
level  (from  the 
carrier 

concentration)  at  the 
temperature  where 
the  defect  trapping 
occurs.  Since 

between  electron 
irradiation  at  77  K 
and  the  later  Hall 
effect  measurements 
at  200  K  the  crystals 
were  stored  at  room 
temperature,  there  is 
some  unwanted 
additional  annealing 
which,  however,  is 
small  compared  to 
the  annealing 

between  77  K  and 
200  K  and  should 
only  little  influence 
the  Fermi  level 
determination.  It  is 
clearly  seen  that  the 
occurrence  of  fi  and 
{2  depends  on  carrier 
concentration,  fr  is 
present  only  in  p- 
type  Ge  for  carrier 
concentrations 
p>10'^  cm'^  with  a 
fraction  of  about  5 
to  8%  but  is  absent 
in  n-type  Ge.  f2,  on 


62 


Defects  in  Semiconductors  -  ICDS-19 


Fig.  4:  Trapping  behavior  of  fi  (squares)  and  f2  (circles)  as  function  of  the 
carrier  concentration  in  n-  and  p-type  Ge  deduced  from  the  PAC  spectra. 


the  Other  hand,  is 
present  with  a 
large  fraction 
around  20%  in  a 
wide  range  from 
n-  to  p-doped 
material  but 
ceases  to  be 
present  for  both 
high  n-  and  high 
p-doping. 


Neutrino 

Recoil 

Experiments. 

Most  of  these 
experiments  have 
been  reported 
previously  [5,10], 
In  these 

experiments  the 
'"Sn  probe  atoms 
(Fig.l)  are  recoil 
implanted  into  the 
Ge  crystals 
analogously  to  the 
'"in  atoms.  After 
implantation  the 
recoil  damage  is 


annealed  and  the  sample  cooled  down  to  4.2K.  Subsequently  Sn  decays  to  In  imparting  a 
recoil  of  29  eV  to  the  "'in  atoms.  Thus  Frenkel  pair  production  takes  place  in  an  otherwise 
defect-free  environment.  It  turned  out  that  the  neutrino  recoil  only  leads  to  a  measurable  defect 
component  in  p-type  material.  This  defect  component  has  the  quadrupole  interaction  frequency  vq 
=  54  MHz  which  leads  us  to  conclude  that  this  defect  is  identical  to  vqi  measured  in  the  electron 
irradiation  experiments  reported  above.  No  further  defect  is  created,  in  n-type  material  there  is  no 
defect  production  at  all.  Isochronal  annealing  experiments  show  that  the  neutrino-induced  defect 
disappears  from  the  PAC  spectra  between  200  K  and  273  K  in  contrast  to  the  annealing  of  the 
identical  defect  (vqi)  around  400  K  (see  Fig.2)  produced  by  trapping  after  electron  irradiation. 
Present  experiments  aim  to  measure  the  annealing  temperature  of  the  neutrino-induced  defect 
more  precisely  but  are  not  yet  conclusive. 


Discussion. 

Though  it  is  rather  clear  that  the  appearance  of  ft  and  f2  at  the  PAC  probes  after  electron 
irradiation  is  due  to  the  trapping  of  irradiation  induced  intrinsic  defects  a  positive  identification  of 
these  defects  remains  a  difficult  task  since  the  fingerprint  of  a  defect,  the  quadrupole  interaction 
frequency,  cannot  be  reliably  calculated.  Thus  identification  has  to  be  done  by  properly  conducted 
experiments.  The  key  for  identification  is  the  neutrino-recoil  experiment.  Since  the  recoil  energy 
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of  29  eV  is  just  sufficient  to  produce  one  and  only  one  Frenkel  pair  in  Ge  vqi  must  be  the 
association  of  the  ***In  probe  with  one  of  the  two  Frenkel  pair  partners.  Since  the  same  defect 
also  appears  after  electron  irradiation  (pair  formation  after  long  range  defect  migration)  the  defect 
configuration  must  be  one  which  can  be  formed  by  both  the  recoil  and  the  trapping  process.  This 
only  leaves  a  monovacancy  adjacent  to  the  '^*In  probe  atom  as  a  possible  configuration  as  is 
discussed  in  more  detail  in  Ref  [10].  The  different  thermal  stability  in  the  recoil-  and  trapping 
experiment  is  due  to  the  different  microscopic  environment:  in  the  recoil  experiment  the  invisible 
Frenkel  partner,  the  self-interstitial,  is  in  close  vicinity  and  annihilates  with  the  vacancy  which  is 
bound  in  the  54  MHz  configuration  (correlated  recombination).  After  trapping,  however,  the 
vacancy  is  bound  to  the  probe  without  a  nearby  self-interstitial,  the  defect  disappears  when  the 
vacancy  breaks  the  attractive  bond  to  the  probe  and  migrates  away  (dissociation). 

Identification  of  the  defect  leading  to  f;  cannot  be  made  in  a  direct  way.  We  use  two  lines  of 
arguments  to  make  an  assignment:  on  the  one  hand  we  have  performed  a  variety  of  additional 
experiments  to  exclude  the  possibility  that  unintentional  trapping  of  impurity  atoms  may  lead  to 
this  defect.  These  experiments  rest  mainly  on  irradiation  experiments  with  widely  varying  fluences 
and  by  using  Ge  crystals  with  different  degrees  of  purity.  Additionally  impurity  atoms  were 
introduced  on  purpose  (H;Cu).  In  a  second  type  of  experiments  we  varied  the  Fermi  level  of  the 
crystals  during  the  PAG  experiments  in  situ  [1 1]  to  check  whether  a  different  charge  state  of  the 
already  identified  defect  ft  might  be  responsible  for  ft.  Both  types  of  experiments  lead  us  to 
conclude  that  ft  is,  like  ft,  due  to  trapping  of  an  intrinsic  defect  which  by  exclusion  of  alternatives 
then  must  be  the  self-interstitial.  On  the  other  hand,  there  is  some  information  in  the  neutrino- 
recoil  experiment  directly  linked  to  the  self-interstitial:  the  correlated  recombination  between  200 
and  273  K  is  due  to  the  interstitial  migration.  The  fact  that  pair  formation  leading  to  ft  occurs  at 
22o  K  then  is  directly  in  accord  with  our  interstitial  assignment.  Present  experiments  just  under 
way  are  performed  to  narrow  the  temperature  range  where  correlated  recombination  occurs 
sufficiently  down  for  a  precise  comparison  with  the  trapping  experiment. 

Having  identified  ft  and  ft  we  can  interpret  the  trapping  behavior  as  a  function  of  the  samples’ 
carrier  concentration  in  terms  of  a  Fermi  level  dependent  process  which  changes  the  charge  states 
of  the  defects  (Fig.  4).  Since  the  '“in  probes  are  negatively  charged  shallow  acceptors,  trapping 
at  these  probes  can  only  take  place  if  an  attractive  interaction  exists.  This  leaves  for  the  vacancy 
only  the  charge  state  +  or  0.  Since  the  Ga  dopants  are  also  negative  but  extend  to  concentrations 
>10'®  cm'®  (3  orders  of  magnitude  higher  than  the  vacancy/self-interstitial  concentration  [12])  a 
hypothetical  V*  would  be  attracted  by  the  In  probes  as  well  as  by  the  Ga  dopants  and  reduce  and 
ultimately  cancel  the  '“in-V  pair  formation  in  conflict  with  the  observation  (Fig.  4).  Thus  one  can 
infer  that  the  observed  '“in-V  pairing  must  be  driven  by  elastic  interaction  between  the  oversized 
'“in  and  a  neutral  V  to  form  In-V  pairs  whereas  the  Ga  dopants  fit  into  the  Ge  lattice  producing  a 
much  smaller  interaction  to  V. 

The  fact  that  for  p<10'®  cm'®  no  formation  of  ft  takes  place  can  then  be  explained  by  a  change 
of  the  charge  state  V°^V“  which  quenches  the  attractive  interaction.  Based  on  this  model  that 
“'in-V  pair  formation  is  possible  only  when  V  is  neutral  we  can  determine  the  V  acceptor  level 
Evac(-/o)  from  Fermi-Dirac  statistics.  The  concentration  of  ionized  vacancies  [Nvac]~  is  related  to 
the  total  vacancy  concentration  by 


[NyJ 


1 


1  +  S-ra^exp  ( 


E,J-/0)  -  E, 


kT 


) 


where  gvac  is  a  degeneracy  factor  which  we  take  as  1.  Figure  4  shows  the  transition  from  V°  to  V” 
(trapping  to  non-trapping).  Taking  the  respective  Fermi  levels  from  the  Hall  measurements  around 
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200  K  we  obtain  an  upper  and  lower  limit  for  Evac(-/0)  which  we  write:  Evac:(-/0)  =  Ev+0.20(4) 
eV. 

The  trapping  behavior  of  the  self-interstitial  leaves  more  possibilities  for  the  interpretation  and 
will  be  discussed  in  detail  in  a  forthcoming  publication.  In  this  case,  however,  again  a  negative 
charge  state  can  be  excluded  when  trapping  is  observed. 


Conclusion. 

We  have  produced  and  microscopically  studied  the  "'in- vacancy  pair  and  by  exclusion  of 
alternatives  to  a  high  degree  of  certainty  also  the  "'in-interstitial  pair  by  applying  the  PAC 
technique.  From  analysis  of  the  pair  formation  process  a  deep  acceptor  level  at  Ec  +  0.20  eV  for 
the  vacancy  is  deduced.  We  were  able  to  disentangle  an  annealing  stage  around  200  K  which  is 
repeatedly  reported  in  the  literature:  we  show  that  both  vacancies  and  self-interstitials  undergo 
long  range  migration  in  this  temperature  range  separated  by  only  20  K. 
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LOCALIZATION  OF  NONDEGENERATE  ELECTRONS 
AT  RANDOM  POTENTIAL  OF  CHARGED  IMPURITIES 
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Institute  of  Radioengineering  and  Electronics  of  RAS 
11,  Mokhovaya,  103907  Moscow,  RUSSIA 
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Abstract. 

The  low  temperatures  mobility  saturation  and  the  negative  magnetoconductivity  in  a  nondegenerate 
3D  electron  gas  in  compensated  Ge  were  observed  and  shown  to  be  due  to  strong  and  weak 
localization  effects. 

Introduction. 

Scattering  electrons  by  charged  impurities  leads  to  the  mobility  edge  (e^)  existence  and  localisation  of 
electrons  with  the  energy  below  s,.  The  conductivity  of  a  degenerate  electron  gas  depends  on  Fermi 
level  (sr-)- position.  At  the  temperature  7’=0  a  system  behaves  as  a  metal  when  Sc,  and  as  an 
insulator  when  zp  <  Sc-  However,  at  very  low  but  finite  temperatures,  the  conductivity  of  a 
semiconductor  can  be  made  sufficiently  high  even  at  zf  «  Sc,  on  the  dielectric  side  of  a  metal- 
insulator  transition,  by  means  of  photoexitation  of  carriers  from  impurities.  In  this  case  the  electron 
gas  is  nondegenerate.  Due  to  Boltzman  distribution  function,  only  exponentially  small  number  of 
electrons  having  energy  within  the  narrow  band  of  the  order  of  kT  above  the  mobility  edge  should 
give  the  main  contribution  to  the  conductivity  at  low  T  as  kT  <  Zc.  The  electron-electron  interaction 
is  negligible  because  of  small  electron  concentration.  For  nondegenerate  electron  gas,  the  magnitude 
of  a  random  potential  of  charged  impurities  and  the  mobility  edge  value  does  not  depend  on  free 
electron  concentration  which  can  be  varied  in  a  wide  range  with  exciting  light  intensity. 

Transport  phenomena  become  considerably  influenced  by  mobility  edge  existence  as  the  wavelength 
k  of  an  electron  of  mean  thermal  energy  is  of  the  order  of  its  mean  free  path,  I  (the  loffe-Regel 

condition).  This  strong 
localisation  condition  can  be 
easily  fulfilled  in  compensated 
semiconductors  doped  with 
deep  charged  impurities. 

Experiment. 

We  studied  «-type  Ge  crystals 
doped  with  deep  Cu  acceptors 
and  partially  compensated  with 
shallow  Sb  donors  so  that  triply 
and  doubly  negatively  charged 
copper  ions  were  in  action.  The 
Sb  concentration  was  of 
1.5*10’’  to  1.2*10'®  cm■^  At 
thermal  equilibrium  the  Fermi 

Fig.  1.  Magnetoconductivity  vs  magnetic  tield  tor  samples  witn  various  jjg^  ^jjg  upper  Cu  level 

random  potential,  y.  The  insert  shows  the  initial  part  of  the  curves,  y,  (-q  26  eV  below  the  conduction 
meV:  1-5.7,  2-2.5,  3-1.2  jj^ud  edge).  At  low  T  free 

electron  concentration  was 
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ensured  by  impurity-band  light  excitation 

_ ^  from  deep  centers.  The  shallow  donor 

10.9  K  population  at  the  temperatures  as  they 

— 126l< -  frozen  out  was  shown  to  be 

controlled  by  direct  donor-acceptor  (D- 
tj  ’  //  A)  recombination  and  depended  on 

^  // _  15,2  K  exciting  light  intensity,  /  [1].  The  donor 

0  01  -  // population  is  small  due  to  the  D-A 

/// _ _  20.4  K  recombination.  So,  practically  all 

^  T=26K  impurity  centers  are  charged  (Cw^',  Ci?', 

0  00  _ I _ ^ - 1 - ■ - 1 - ^ - '  and  Sb*  ions). 

0  2000  4000  6000  8000  random  Coulomb  potential  caused 

H,  Oe  by  a  disorder  in  space  positions  of 

Fig.  2.  Negative  magnetoresistance  ofthe  sample  with  y  ‘^^’arged  impurities  spreads  out  the 
=2  5  at  different  T  impurity  levels.  The  random  potential 

magnitude,  y,  was  determined  (i)  from 
the  dependence  of  concentration  of  free  electrons  produced  by  electric-field  ionization  of  shallow 

.  donors  on  the  donor  quasi-Fermi 

level  position  controlled  by 
/  photoexcitation  of  deep  acceptors, 

.  /  /  and  (ii)  from  the  dependence  of  D-A 

/  /  •  recombination  coefficient  on  /  and  T 

y  ^  ^  [1].  The  y  values  are  given  in  the 

>■  ^  ■"/  /  /  4k  Table. 

(^  /  /  /  »  Due  to  strong  charged  impurity 

o  44*  * 4A  scattering,  the  necessary  condition 

‘o'  ■  4^  for  weak  localisation  effects,  t,  » x 

'2  1  .  ^ ^  44.  X  's  the  mean  free  time  due  to  elastic 

scattering,  t,,  is  the  electron-wave 

.  ...  . _ _ .  dephasing  time  governed  by  inelastic 

10  100  scattering),  is  satisfied.  As  a  result, 

K  the  negative  magnetoresistance  (MR) 

was  observed.  The  MR  data  were 
Fig.  3  .  Temperature  dependence  of  electron  mobility  reconstructed  from  measurements  of 


Fig.  3.  Temperature  dependence  of  electron  mobility 


the  alternating  current  T  =  E~di/dH 


Fig.  4.  The  mobility  in  saturation  and  7^^  regions  vs  kT^ 


caused  by  modulated  magnetic  field  H  = 
Ho  +  H~,  H~  «  Ho,  i.e,  C  x  AolAH  (a  is 
the  conductivity)  [2]. 

Shown  in  Fig.l  is  the  magnetic  field 
dependence  of  the  relative  transverse  MR 
for  the  sample  with  Sb  concentration  of 
1.5*10’’  cm'^  at  different  T.  MR  data 
shown  in  Fig.2  are  obtained  for  samples 
with  various  impurity  concentrations 
(different  y).  Note  the  negative  MR  (NMR) 
at  low  fields  and  positive  classical  H^ 
dependence  at  higher  fields.  The  NMR 
occured  in  a  range  of  weak  H,  \iHlc  «  1 
(p.  is  the  electron  mobility,  c  is  light 
velocity),  as  classical  MR  is  small  is  a  result 
of  magnetic-field  suppression  of  quantum 


Aa/cr 


Materials  Science  Forum  Vols.  258-263 


67 


interference  corrections  to  the  conductivity. 

The  NMR  values  and  the  magnetic  field  range  of  NMR  decrease  both  with  increasing  T  and 
decreasing  y.  The  change  of  NMR  sign  at  higher  fields  is  caused  by  transition  to  the  classical 
dependence  Ao/o  oc  .  The  mobilities  of  the  samples  with  different  y  determined  from  the 

slopes  of  these  dependences  are  shown  in  Fig.  3.  At  the  temperatures  below  some  critical  value  T^, 
the  mobility  is  saturated,  |a=tic.  At  T>7;,  the  usual  T  dependence  (shown  by  straight  lines)  is 
observed.  The  kT,  value  turns  out  to  be  close  to  y  value.  The  saturated  mobility,  is  inversely 
proportional  to  y.  On  the  other  hand,  the  coefficient  at  the  T  dependence  is  proportional  to  y^ 
(Fig.4).  This  shows  that  charged-impurity  scattering  is  not  single-center  one  even  in  this  range  of  T. 
The  saturated  values  of  NMR  are  also  proportional  to  the  random  potential  magnitude.  It  can  be 
seen  in  Fig.  5  where  H  dependence  of  NMR  for  samples  with  different  y  is  represented  for  nearly  the 
same  kTly  ratio  (here  the  classical  if-  dependence  is  subtracted  from  experimental  MR  curves). 


Discussion. 

The  loffe-Regel  condition  for  strong  localisation,  X  «  / ,  is  equivalent  to:  8^  «  hl2x,  and  can  be  used 
to  found  the  mobility  edge  energy,  Sc.  Using  the  low-temperature  value  of  t  =  =  miije  (m  is  the 

electron  effective  mass,  e  is  the  elementary  charge),  we  obtain  values  being  surprisingly  close  to  y. 

Thus,  the  saturated  mobility  value  is 
single-electron  conductivity  at  the  mobility 
edge  and  is  connected  with  the  random 
Coulomb  potential  magnitude. 

The  main  difficulty  for  the  quantitative 
description  of  the  magnetic  field 
suppression  of  quantum  corrections  to  the 
conductivity  by  means  of  the  present 
theory  of  weak  localisation  [3,4]  is  the 
assumption  X  «  1.  Nevertheless,  as  the 
first  attempt,  we  used  the  expression 
derived  for  a  degenerate  three-dimensional 
electron  gas  [3,4], 

Act  1  /"tq).,3/2,.  _.,2 


Fig.  5.  The  negative  magnetoresistance  at  kT/y  w  const 


1  3/2,  ,2 

—  (— )  (®c^)  , 

48  X 


Fig.  6.  Electron-wave  dephasing  time  vs  l/T  for  different  y 


for  description  of  the  experimental  NMR 
at  low  magnetic  fields  (in  -if  region). 
Here  o^=eH/mc  is  the  cyclotron 
frequency,  x  being  determined  from 
p,=ex/ff7.  The  values  of  found  from  the 
initial  parts  of  MR  curves  are  plotted  in 
Fig. 6.  The  main  feature  of  the  curves  is  the 
linear  dependence  of  Xq,  on  MT.  In  our  case 
x<p  =  Xac,  the  acoustic-phonon  scattering 
time  [4].  As  x^c  w  and  e  «  8c,  this 

accounts  for  the  I/T  dependence  of  x<p .  The 
energy  dependence  of  x  and  x<p  should  not 
influence  on  Ao/a  at  low  i/;  even  assuming 
their  classical  energy  dependence,  we  have 

*  /  -1/2,  3/2  ^ 

Ao/a  cc  X  x,p  K 

(8'’^‘‘)(8^''')=const(8).  One  can  see  from 
Fig.  6  that  the  dephasing  time  values  are  of 
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two  orders  of  magnitude  more  than  the  mean  free  time  due  to  impurity  scattering.  We  tried  also  to 
compare  the  theory  and  the  experimental  data  by  means  of  averaging  single-electron  quantum 
corrections  over  Boltzman  distribution  function.  The  magnetic  field  dependence  of  NMR  was 
calculated  with  expression: 

00 


(2) 


Here  X=hl2rm  is  the  wavelength  of  an 
electron  of  energy  8,  l=vx  is  the  mean 
free  path  of  an  electron,  v  is  its  velocity, 
/h  =  {cTileHf'^  is  the  magnetic  length, 
p(e)ocA/s  is  the  density  of  states,  /<p  =  Z)x<p 
,  D  is  diffusion  cofficient,  /s  is  the 
function  introduced  in  [3].  The  factor  (1- 
is  due  to  the  requirement  for  the 
conductivity  to  be  zero  at  the  mobility 
edge.  The  energy  dependences  of  the 
quantities  involved  were  assumed  to  be 
classical.  The  condition  =  Til2x^  was 
taken  into  account,  so  the  the  mobility 
edge  energy  was  as  only  fitting 
parameter.  Its  value  coincides  well  with 
that  obtained  as  shown  above.  The 
theoretical  NMR  is  compared  with  the 
experimental  results  in  Fig. 7.  Shown  in  the  insert  is  the  upper  plot  in  (Ao/ct,  ff')  plane.  It  is  seen  that 
Eq.  2  can  describe  the  NMR  only  at  sufficiently  low  H.  One  can  see  also  that  the  energy  dependence 
of  kinetic  coefficients  is  essential  and  becomes  more  pronounced  at  higher  temperatures. 

Let's  now  regard  the  most  striking  experimental  facts.  They  are  (i)  low-temperature  mobility 
saturation  and  (ii)  sharp  transition  to  it  from  T  dependence.  The  saturated  values  of  relative  NMC 
depend  on  charged  impurity  concentration  and  don't  exceed  several  per  cents  although  NMC  should 
be  of  the  order  of  unity  for  conducting  electrons  having  energies  near  the  mobility  edge  (iii).  The 
magnetic  length  at  which  the  negative  MC  is  saturated  is  much  less  than  the  mean  free  path  in 
contrast  to  the  theoretical  prediction  (iv). 

Consider  first  the  NMR  features.  Small  saturated  values  of  NMR  and  low  characteristic  magnetic 
fields  show  at  a  suppression  of  electron  interference  on  closed  trajectories  of  small  radii.  The  reason 
for  vanishing  short  closed  trajectories  is  the  long-scale  random  potential  of  charged  impurities.  At 
the  percolation  threshold,  most  of  possible  closed  electron  trajectories  should  be  of  the  order  of 
optimal  fluctuation  radius  [5].  In  other  words,  an  electron  should  pass  around  random  potential 
"hills"  for  being  coherently  scattered.  So,  the  probability  of  small  closed  trajectories  and,  as  a 
consequence,  the  values  of  quantum  corrections  to  the  conductivity  should  be  heavily  diminished.  At 
low  magnetic  fields,  as  the  magnetic  length.  In  =  is  larger  than  the  scale  of  random 

potential,  quantum  corrections  to  the  conductivity  are  as  for  three-dimensional  system  and  fit  the 
theory  of  weak  localisation  though  the  condition  A. «  /  is  fulfilled  in  the  experiment. 

The  same  reasons  can  be  used  to  explain  the  mobility  behaviour.  Electrons  can  not  move  in  the 
random  potential  when  their  energy  becomes  less  than  that  of  classical  percolation  threshold.  Near 
the  percolation  threshold  the  system  should  behave  as  one-dimensional  wire  net  [5].  Therefore,  the 


j dev\{K"  /  ll„ )  exp(-8  /  kT)p{z)f, (/,  /  4  j 


Ao  _  Sc 
a 


f  dsv^x(l-^)exp(-E//cT)p(e) 
•'  / 


Fig.  7.  Comparison  of  the  experimental  NMR  with  theor 
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mobility  edge  should  be  at  some  energy  above  the  percolation  threshold  as  the  electron  wavelength 
is  of  the  order  of  size  of  a  "bottleneck"  in  the  percolation  net.  This  size  can  be  estimated  as 
X=n/2my.  To  find  the  mobility  we  consider  the  percolation  net  as  the  system  of  ID  channel  where 
electrons  can  move  without  scattering.  The  conductivity  value  is  then  of  the  order  of  e  Ih.  The 
specific  conductivity  of  a  random  net  is  determined  by  the  conductivity  of  a  typical  net  element  and 
is  in  this  case  e^lhR,  R  is  the  random  potential  scale.  To  obtain  the  mobility  we  should  multiply  it  by 
the  volume  of  one  electron,  (it  is  X^R),  and  divide  by  the  elementary  charge.  We  get  finally  p= 
eX^lh  =  eh/2  my.  This  value  coincides  surprisingly  with  the  experimental  value.  Note  that  the  above 
expression  is  equivalent  to  the  condition  y  =  hl2x.  So,  this  mobility  is  the  quantum  limit  of  one- 
electron  conductivity,  i.e.  Mott's  minimum  metallic  conductivity. 

The  sharp  turn  in  the  temperature  dependence  of  mobility  is  likely  due  to  the  change  of  conductivity 
geometry  from  3D  continual  one  to  3D  "wire  net". 

Conclusion. 

Localization  of  free  electrons  at  the  presence  of  charged  impurities  is  due  to  mobility  edge 
existence.  The  latter,  in  turn,  is  believed  as  a  result  of  interference  of  electron  waves  at  multiple 
coherent  backscattering.  On  the  other  hand,  a  disorder  in  charged-center  positions  gives  rise  a 
random  Coulomb  potential  and  classical  percolation  threshold.  The  question  is  what  is  the  physical 
cause  for  the  mobility  edge  in  this  case.  The  data  presented  here  shows  that  for  a  system  of  charged 
scatterers,  the  mobility  edge  arises  due  to  quantum  percolation  and  not  due  to  multiple  coherent 
backscattering.  For  this  reason,  the  quantum  corrections  to  the  conductivity  caused  the  electron 
wave  interference  on  closed  trajectories  turn  out  to  be  small,  as  well  as  the  negative 
magnetoconductivity  resulting  from  the  magnetic  field  suppression  of  the  interference. 

This  work  was  supported  in  part  by  Grant  No  97-02-16819  from  Russian  Basic  Research 
Foundation. 
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Abstract. 

The  spectrum  of  stimulated  THz  emission  from  uniaxially  compressed  p-Ge  is  presented.  The  peaks 
corresponding  to  different  optical  transitions  from  resonance  to  ground  and  excited  states  of  an  acceptor 
were  observed  in  the  spectrum  of  stimulated  emission.  The  peaks  were  identified  by  means  of  a  comparison 
of  experimental  data  with  calculated  acceptor  level  positions  in  dependence  on  pressure.  The  mechanism  of 
a  population  inversion  due  to  free  carrier  accumulation  near  energies  of  resonance  acceptor  states  based  on 
the  resonance  scattering  is  proposed. 

Introduction. 

Stimulated  emission  of  far-infrared  radiation  has  been  observed  in  p-Ge  at  strong  electric  and 

magnetic  fields  [1]  and  shown 
to  be  due  to  population 
inversion  of  the  valence 
subbands.  We  observed  a 
stimulated  emission  in  p-Ge 
without  any  magnetic  field  but 
under  uniaxial  stress  [2].  In  this 
report  we  present  experimental 
evidence  and  some  theoretical 
model  for  population  inversion 
of  strain-split  acceptor  levels  in 
uniaxially  compressed  p-Ge  in 
strong  electric  fields.  The  main 
peak  of  stimulated  far-IR 
emission  is  shown  to  be  due  to 
the  intracenter  radiative 
transition  between  resonance  s- 
state  and  localized  p-excited 

18  19  20  21  22  23  24  25 

Energy,  meV 

Fig.l.  The  spectrum  of  stimulated  emission.  £||P|1[111]  The  Experimental. 

peak  at  21.2  meV  corresponds  to  the  optical  transitions  The  gallium-doped  Ge  crystals 

between  the  resonance  Is  and  2pii  acceptor  states.  with  Ga  concentration  of 

3*10'^  to  10*'‘  cm'^  were  used 

in  the  experiment  at  liquid  helium  temperature.  The  samples  of  a  square  cross  section  of  0.5  to  1 
mm^  and  6  to  10  mm  long  were  cut  in  the  [111]  or  [100]  crystallographic  directions.  Uniaxial 
pressure  P  and  electric  field  E  were  applied  along  the  samples  (z  -direction).  Voltage  pulses  of  0.2 
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21.7  21.9  22.1  22.3  22.5 

Energy,  meV 

Fig.2.  The  mode  structure  of  the  main  peak  in  the 
spectrum  of  stimulated  emission.  The  sample  cross 
section  is  of  l*lmm^. 


P=0  4  kbar  8  kbar  12kbar 


to  1  |J,S 

duration  were  applied  to  two  contacts 
positioned  on  the  long  (lateral)  plane  of  the 
sample.  The  distance  between  the  contacts 
was  from  4  to  9  mm. 

Far-infrared  luminescence  was  registered  by 
the  cooled  gallium-doped  Ge  photodetector. 
For  the  samples  with  planes  parallel  within 
4',  the  steep  rise  in  radiation  intensity  up  to 
10^  times  was  observed  at  some  threshold 
stress  Pc.  The  minimum  Pc  value  was  4  kbar. 
The  jump  in  radiation  was  accompanied  by 
the  Jump-like  rise  in  current  (up  to  10  times). 

The  resonator  formed  in  our  case  by  well- 
parallel  sample  planes  was  necessary  to 
obtain  the  stimulated  emission.  Indeed,  the 
jump  in  emission  (and  in  the  current) 
disappeared  after  rough  grinding  of  one  of  the 
long  sample  planes.  Polishing  and  etching 
restored  the  resonator  and  the  stimulated 
emission  appeared  again. 

The  spectrum  of  stimulated 
radiation  from  compressed  p-Ge 
measured  by  the  grating 
monochromator  is  shown  in 
Fig.l.  It  consists  of  several 
peaks.  The  peak  energies 
increased  with  pressure.  The 
energy  of  the  most  intensive 
peak  (21.2  meV  in  Fig.l)  is 
varied  from  21.2  to  42  meV  by 
increasing  pressure  from  6.85  to 
11  kbar  at I  [111]. 

The  main  peak  measured  in 
more  details  shows  the  structure 
caused  by  resonator  modes 
(Fig.2).  The  line  spacing  (wO.ll 
meV)  for  the  specimen  with  the 
cross  section  of  1*1  mm^ 
coincides  with  that  found  from 


the  condition  NX=nL,  where  X  is 
Fig.3.  The  valence  band  structure  and  the  acceptor  level  positions  radiation  wavelength,  n  is 

for  various  values  of  P.  Heavy-hole  and  light-hole  bands  are  the  refractive  index  {n=4  for 

denoted  by  hh  and  Ih,  and  ground  and  split-off  acceptor  states  are  Ge),  L  is  the  optical  path  length, 

denoted  by  gi  andsi,  respectively.  £o  is  the  optical  phonon  energy.  snd  is  an  integer.  This  shows 

For  convenience  the  hole  subbands  are  shown  here  as  for  electrons.  that  in  our  case,  as  in  [3],  the 

optical  resonator  is  formed  due 
to  total  internal  reflection  from 
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lateral  crystal  planes  (see  the  insert  in  Fig.2). 


Discussion 

Uniaxial  deformation  removes  the  degeneracy  of  the  valence  band  of  Ge  at  A=0  and  splits  it  into  two 
subbands  separated  by  the  energy  gap  proportional  to  the  applied  pressure  F  (the  proportionality 
factor  is  about  4  and  6  meV/kbar  for  F  parallel  to  [100]  and  [111]  crystallographic  directions, 
respectively  [4]).  The  degenerate  ground  state  of  an  acceptor  is  also  split  into  two  states.  The  energy 
separation  5s  between  the  split-off  state  and  the  ground  state  increases  with  strain.  Fig.3  represents 
schematically  the  p-Ge  valence  band  structure  and  the  positions  of  the  split-off  and  ground  states  for 
different  pressures. 

At  certain  pressures  (Pk4  kbar  for  I  [1 1 1]  and  P«3  kbar  for  P|  I  [100])  the  split-off  state  enters  into 
the  valence  band  continuum  (band  scheme  for  4  kbar  in  Fig.4)  and  creates  the  resonance  state  while 
the  ground  state  remains  in  the  forbidden  band.  The  series  of  exited  states  related  both  to  ground 
and  split-off  states  should  exist  also  in  the  gap  and  the  continuum,  respectively. 

In  strong  electric  field  the  acceptor  ground  state  located  in  the  forbidden  band  becomes  empty  due 
to  impact  ionization  while  the  split-off  state  being  in  the  valence  band  is  filled  to  some  degree. 
Holes  arriving  into  the  valence  band  is  driven  by  electric  field  in  z-direction  and  their  momentum  p^ 
increases.  One  can  assume,  that  the  scattering  is  practically  absent  as  holes  have  energy  s  less  than 
the  resonance  state  energy  sq.  However,  the  holes  near  this  energy  undergo  the  strong  resonance 
scattering  and  are  accumulated  in  the  resonance  state.  The  inverted  population  of  hot  holes  at  the 
energy  close  to  that  of  the  resonance  s-state  can  be  the  result  of  the  strong  resonance  seattering.  We 
have  got  the  expression  for  the  scattering  probability: 
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Fig.4  The  angular  dependence  of  resonance  scattering 
probability  for  three  value  of  incident  angle  9^; 


( . )0,  ( . -),t/4,  ( - )xl2 


where  n  is  impurity 
concentration,  Ejef  is  the 
splitting  of  valence  band 
top,  T  is  the  broadening  of 
resonance  state  (r«  sq), 
G  is  the  function  which 
defines  the  angular 
dependence  of  scattering. 
Go  and  6  are  the  incident 
and  scattering  angles, 
respectively.  The  angles 
are  counting  from  z- 
direction.  Our  calculations 
show  that  the  dependence 
from  Go  is  practically 
absent.  On  the  contrary, 
there  is  a  strong 
dependence  from  angle  G, 
which  is  demonstrated  for 
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8=  So  in  Fig.4.  Because  this  type  of  angular  dependence  of  the  scattering  probability  accumulates 
carriers  with  momentum  directions  perpendicular  to  electric  field,  it  contributes  to  inversion.  Due  to 
the  intensive  exchange  between  continuous  spectrum  and  the  resonance  state,  their  population  is 
controlled  by  energy  distribution  function  and  thus  by  heating  electric  field. 

The  calculations  of  the  spectrum  of  localized  and  resonance  acceptor  levels  were  performed  by  the 
variational  method  for  high  pressure  limit  (impurity  states  are  considered  in  approximation  of 
independent  valence  subbands).  The  calculated  energies  of  optical  transitions  from  the  resonance  Is 
state  to  the  localized  Is-  and  2p±i  states  and  the  experimental  stress  dependence  of  the  energy  of  the 
main  peak  are  shown  in  Fig. 5.  The  comparison  allows  us  to  identify  the  main  peak  as  the  resonance 
Is  to  2p±i  transition  and  the  peak  at  19.9,  20.5  (see  Fig.l)  as  the  transitions  from  resonance  Is  to 
2po,  2s  respectively.  The  peak  of  energy  23  meV  is  supposed  to  be  radiative  transition  of  hot  free 
holes  of  energy  equal  to  s-resonance  level  to  Is  localized  state.  The  linewidth  for  different  peaks  is 
of  0.2  to  0.5  meV.  The  reason  for  the  wide  spectral  maxima  may  be  the  broadening  of  the  resonance 

acceptor  state  being  in  the  continuum  [5]. 
The  minimum  pressure  for  the  stimulated 
emission  to  be  observed  is  just  that  at 
which  the  resonance  state  appears  (see 
band  scheme  in  Fig. 3).  The  energy 
splitting  of  the  acceptor  states  is  about  10 
meV  in  this  case  (Fig.5).  On  the  other 
hand,  the  stimulated  radiation  intensity 
decreases  sharply  [6]  as  the  split-off 
acceptor  state  begins  to  depopulate  via 
hole  transitions  to  the  valence  band  edge 
assisted  by  optical-phonon  emission  (see 
the  band  scheme  for  12  kbar  in  Fig.3). 
The  value  of  be  for  depopulating  the 
Fig.5.  The  energy  of  the  main  peak  of  stimulated  radiation  split-off  acceptor  State  is  about  42  meV. 

vs  stress.  Solid  lines  show  the  calculated  energy  of  optical  Thus,  these  data  confirm  that  the 

transitions  from  resonance -Is  state  to  2pii  (lower  line)  and  intracenter  inversion  can  arise  as  the 
Is  localized  states.  split-off  state  enters  into  the  valence  band 

and  exist  until  optical  phonon-assisted 
hole  transitions  to  the  valence  band  edge  depopulate  the  resonance  state.  The  energy  range  of  the 
stimulated  emission  is  expected  to  be  from  10  to  41  meV. 

Conclusion. 

In  summary,  the  data  obtained  show  that  the  stimulated  far-infrared  emission  in  uniaxially 
compressed  p-Ge  is  due  to  the  electric  field  induced  population  inversion  of  strain-split  acceptor 
states,  The  necessary  condition  for  the  inversion  is  the  resonance  state  appearance.  The  possibility 
of  a  strong  frequency  tuning  by  stress  is  shown.  The  spectral  lines  connected  with  the  exiting  states 
referred  to  the  ground  acceptor  state  were  observed  in  the  spectrum  of  the  stimulated  emission.  It 
should  be  noted  that  the  mechanism  of  far-infrared  stimulated  emission  in  p-Ge  based  on  the 
population  inversion  of  strain-split  acceptor  states  seems  to  be  promising  also  for  acceptor  doped 
two-dimensional  structures.  In  such  structures  the  acceptor  states  are  split  by  strain  and/or  space 
quantization  without  any  external  pressure.  It  will  be  shown  that  the  stimulated  emission  of  far- 
infrared  radiation  in  heating  electric  field. 

This  work  was  supported  by  RFBR  grants  No.  97-02-16820  and  No.  96-02-17352  and 
Volkswagen-Stiftung  grant. 
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Abstract.  lonized-impurity  scattering  of  holes  has  been  studied  in  isotopically  engineered  p-type 
Ge:Ga,As  samples  with  compensation  ratios  between  0.08  and  0.61.  Experimentally  measured  Hall 
mobilities  at  temperatures  between  10  and  300  K  are  quantitatively  compared  with  existing  theories 
of  ionized  impurity  scattering  in  highly  compensated  semiconductors.  We  find  fair  agreement  with 
the  theory  based  on  the  correlated  distribution  of  ionized  impurity  centers. 

Introduction 

The  development  of  a  method  to  accurately  determine  the  compensation  ratio  K  (K  =  [minority 
impurity  concentration]  /  [majority  impurity  concentration])  in  a  given  semiconductor  has  become 
important  especially  for  recent  studies  of  defects  that  hinder  heavy  doping  in  compound 
semiconductors.  An  appropriate  method  for  finding  K  depends  on  the  majority  impurity 
concentration  N  of  the  given  material.  For  the  case  of  heavily  doped  semiconductors  with  N>Nc 
(where  Nc  is  the  critical  concentration  for  the  degenerate  to  non-degenerate  semiconductor 
transition)  ionized  impurity  scattering  limits  the  free  carrier  mobility  significantly  up  to  room 
temperature.  Since  the  degree  of  ionized  impurity  scattering  depends  strongly  on  K,  it  is  possible  to 
find  K  in  crystals  with  high  N  solely  from  room  temperature  mobility  measurements.  [1]  A  method 
to  determine  K  based  on  mobility  does  not  work  in  high  purity  materials  (N  <  O.OOlNc)  since  the 
contribution  of  ionized  impurity  scattering  becomes  too  small.  An  alternative  method  for  pure 
materials  is  far-infrared  absorption  spectroscopy  in  which  electric-field-broadening  of  impurity 
absorption  peaks  is  used  to  determine  K.  [2]  Finding  K  in  moderately  doped  materials  (O.OOlNc  < 
N  <  Nc)  has  been  somewhat  challenging.  The  impurity  absorption  method  cannot  be  employed 
because  the  concentration  broadening  due  to  overlaps  of  impurity  wavefunctions  overwhelms  the 
broadening  due  to  the  electric  fields  arising  from  ionized  impurities.  The  mobility  method,  on  the 
other  hand,  may  be  applicable  but  measurements  down  to  low  temperatures  (T<50  K)  are  necessary. 
At  high  temperatures  the  contribution  of  phonon  deformation  scattering  becomes  more  significant 
than  that  of  ionized  impurity  scattering. 

Because  the  determination  of  the  compensation  based  on  mobility  requires  an  accurate 
scattering  theory,  the  quantitative  understanding  of  the  scattering  cross-sections  of  ionized 
impurities  in  compensated  semiconductors  is  crucial.  Up  to  now  the  Brooks-Herring  theory  [3]  has 
been  used  widely  to  calculate  ionized  impurity  scattering.  The  theory  was  developed  originally  for 
lightly  compensated  semiconductors  and  has  been  used  successfully  at  high  temperatures  for 
materials  with  K  values  ranging  from  0  to  1  and  for  materials  with  K<0.2  over  a  wide  temperature 
range.  [4]  A  number  of  attempts  have  been  made  to  modify  Brooks-Herring  theory  for  heavily 
compensated  materials  at  low  temperatures.  [5,  6]  However  their  applicability  has  never  been 
tested. 

In  this  work  we  present  a  direct  comparison  between  experimental  and  theoretical  mobilities 
for  temperatures  between  10  and  300K  using  highly  compensated,  p-type  Ge:Ga,As  samples  with  N 

ranging  from  0.003Nc  to  0.006Nc  (Nc=2xl0^^  cm"^  for  Ga  in  Ge).  We  were  able  to  test  the 
applicability  of  various  theoretical  approaches  to  calculate  low  temperature  mobilities  in 
compensated  semiconductors. 
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Theory 

The  three  models  for  ionized  impurity  scattering  which  were  used  to  compute  the  mobility  for 
our  Ge:Ga,As  compensated  samples  are;  (i)  Brooks-Herring  model  [3],  (ii)  Falicov-Cuevas  model 
[5],  and  (iii)  Stem  model.  [6] 

Brooks  and  Herring  derived  a  simple  Yukawa  potential  V(r)  for  electron  scattering  by  an 
ionized  impurity  center  in  semiconductors  ; 

y  2 

V(r)  = - exp(-r/Lj))  (1) 

er 

where  Ze  is  the  charge  of  the  scattering  center  and  Ld  is  the  screening  length.  There  are  two 
different  screening  mechanisms  in  doped  semiconductors  affecting  Lp:  screening  of  the  scattering 
potential  by  (i)  free  carriers  and  (ii)  other  surrounding  ionized  centers  (self-screening). 

The  expression  for  the  former  mechanism  LD(free  carrier)  is  given  by: 


LD(free  carrier)  =  ^  n- 


where  n  is  the  free  carrier  concentration.  As  T— >0,  n— >0  exponentially,  i.e.,  LD(free  carrier)— 
Therefore,  screening  due  to  free  carriers  is  significant  only  at  high  temperatures. 

The  screening  length  LoCiori)  due  to  ionized  impurity  self-screening  is  given  by. 

1  |£kBT\1^2r(NMJ-NMN-n)(NMN+n)|^^^  (3) 

e  \  4  jt  I  Nmj  .  .  J.  .  .  .  , 

where  Nmj  and  Nmn  are  the  concentration  of  majority  and  minority  impurities,  respectively. 
LD(ion)  vanishes  at  high  temperatures  where  h^Nmi-Nmn-  Therefore,  the  effect  of  t^  self¬ 
screening  becomes  significant  only  at  low  temperatures  where  n<NMJ-NMN-  The  Brooks-Hemng 
expression  for  Ld  used  in  Eq.  (1)  is  obtained  by  adding  the  inverse  squares  of  Eq.  (2)  and  bq.  (3): 

T  _  1  (e  kB  T\l/2[  (NMJ-NMN-n)(NMN+n)  1'^''^  (4) 

^D-el  4n  I  L  Nmj 

Finally  the  scattering  rate  in  Brooks-Herring  model  is  given  by: 

=  (5) 

(2m*)‘^^8n  1+rJ 

with  =  8  m  E  Lp/^l  ,  (6) 

where  Ni  is  the  ionized  impurity  concentration  and  E  is  the  energy  of  an  incident  electron. 

In  the  course  of  deriving  Eq.  (1),  Brooks  and  Herring  linearized  the  source  term  in  Poisson  s 
equation  assuming  that  eV(r)/kBT  is  much  smaller  than  unity.  Falicov  and  Cuevas  [5]  explicitly 
pointed  out  that  this  condition  is  not  satisfied  in  highly  compensated  semiconductors  at  low 
temperatures.  They  solved  Poisson's  equation  without  resorting  to  the  expansion.  Falicov  and 
Cuevas  further  proposed  that  the  ionized  impurity  distribution  at  low  temperature  is  not  random  but 
is  correlated,  i.  e.,  it  is  "frozen"  in  the  state  of  minimurn  potential  energy.  They  formalized  their 
idea  by  using  a  simple  temperature  independent  exponential  correlation  function  between  acceptors 
and  donors  and  derived  the  scattering  rate  as: 


with  =  8  m*  E  a^/ii^,  ac  =  [8  7i  (Nmj  -  Nmn)]"^^^-  (8) 

Eq  (7)  differs  from  the  Brooks-Herring  expression  Eq.  (5)  only  in  that  the  sign  of  the  last  term 
within  large  parentheses  is  positive  and  that  the  temperature  dependent  Ld  is  replaced  by  the  static 

temperature  independent  correlation  length  ac-  .  .  j  u 

Stern  on  the  other  hand,  did  not  take  into  account  the  correlation  effect  proposed  by 
Falicov  and  Cuevas,  but  included  the  effect  of  the  impurity  level  broadening  due  to  the  Coulomb 
fields  arising  from  randomly  distributed  ionized  impurities.  [6]  Kane  proposed  that  the 
linearization  of  Poisson's  equation,  i.e.,  the  Brooks-Herring  expression,  is  valid  when  the  number  of 
screening  sites  within  a  sphere  of  radius  Ld  is  greater  than  unity.  [7]  Stern  argued  that  tos  criterion 
is  barely  satisfied  for  highly  compensated  semiconductors  even  at  low  temperature.  [6]  He 
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Table  1  Values  of  [Ga],  [As],  and  K  for  each  sampL 

Sample 

[Ga]  (xl0'‘^cm‘3) 

[As]  (xl0l4cm-3) 

compensation  ratio  K 

A 

6.5 

0.5 

0.08 

B 

8.0 

2.7 

0.34 

C 

8.3 

3.3 

0.40 

D 

9.0 

4.4 

0.49 

E 

11.3 

6,9 

0.61 

calculated  the  modified  screening  length  Lds  at  T=0  due  to  the  level  broadening: 

Lps  =  s  (8  Ji2  Nmn)'*^^  (9) 

where  s  is  a  function  of  K  graphically  given  in  Ref.  6.  The  scattering  rate  proposed  by  Stern  is 
given  by  replacement  of  LD(ion)  [Eq.  (3)]  by  Lds  [Eq.  (9)]  in  the  Brooks-Herring  model. 

The  original  theories  of  Falicov  and  Cuevas  and  of  Stern  both  assumed  that  the  screening  by 
free  carriers  at  low  temperatures  is  negligibly  sniall.  However,  we  include  here  the  screening  due  to 
free  carriers  [Eq.  (2)]  when  we  use  these  models  to  calculate  the  temperature  dependence  of  the 
Hall  mobility  for  our  Ge:Ga,As  samples.  It  is  also  important  that  we  include  scattering  by  other 
mechanisms  such  as  acoustic  and  optical  phonon  deformation  potential  scattering  and  neutral 
impurity  scattering.  Our  calculation  does  not  contain  any  adjustable  parameters,  i.  e.,  a  direct 
quantitative  comparison  with  experimental  results  is  possible.  The  details  of  our  calculation  have 
been  described  in  Ref.  8  with  the  differences  that  we  include  optical  phonon  deformation  scattering 
and  that  we  calculate  the  Hall  mobility  rather  than  the  drift  mobility. 


Experimental 

We  have  produced  a  series  of  p-type  Ge:Ga,As  samples  of  constant  net-impurity 
concentration  NNet=[Ga]-[As]=5xlO''^cm-3  with  the  compensation  ratio  (K=[As]/[Ga])  ranging 
between  0.082  and  0.6.  Neutron-transmutation-doping  of  isotopically  engineered  Ge  allows  for 
such  a  precise  control  of  very  uniform  doping.  A  detailed  description  of  sample  preparation  is 
given  in  Ref.  9.  Table  1  shows  [Ga],  [As],  and  K  for  five  samples  prepared  for  this  work. 

Hall  and  resistivity  measurements  were  performed  in  order  to  determine  the  Hall  mobility  as  a 
function  of  temperature.  Disk-shaped  (~6mm  diameter,  ~0,5  mm  thick)  samples  with  four  boron 
implanted  contacts  in  van  der  Pauw  configuration  were  employed.  The  magnetic  induction  used  for 
Hall  effect  measurements  was  0.3  T. 


Fig.  1  Experimentally  measured  Hall  mobilities  in  samples  A  (T),  B  (•),  C  (■),  D  (♦),  and  E  (A). 


80 


Defects  in  Semiconductors  -  ICDS-19 


Fig.  2  Comparison  between  Brooks-Herring  calculations  (solid  curve)  and  experimentally 
'Measured  mobilities  (•)  in  samples  (a)  A,  (b)  B,  and  (c)  C.  Contributions  of  Lo^fion)  (broken 
curve)  and  LD2(fiee  carrier)  (dashed  curve)  to  total  Ld^  for  sample  C  are  shown  in  (d). 


Results  and  discussions 

Figure  1  shows  experimentally  measured  Hall  mobilities  in  samples  A-E  (K=0.08-0.61).  The 
low  temperature  mobilities  decrease  with  K  as  expected.  These  experimentally  ineasured  curves 
will  be  compared  with  theoretical  calculations  using  the  above  mentioned  three  different  ionized 
impurity  scattering  models.  Figure  2  (a),  (b),  and  (c)  show  comparisons  of  the  rnearared  mobiliti^ 
with  the  calculations  based  on  Brooks-Herring  model  in  samples  A  (K=0.08),  B  (K=0.34),  and  C 
(K=0  40),  respectively.  While  these  calculations  agree  very  well  with  the  mobilities  m  the  less 
compensated  samples  A  and  B,  the  deviation  between  calculation  and  the  experiment  is  observed 
for  sample  C  at  T<40  K.  In  order  to  demonstrate  the  origin  for  this  low  temperature  disagreement, 
we  show  the  contribution  of  Loffree  carrier)  and  of  Lofion)  to  Lp  for  sample  C  in  Fig.  2.  (d).  It  is 
clear  that  Lp  is  dominated  by  Loffree  carrier)  above  40  K  and  by  Lofion)  below  40  K,  i.  e.,  LD(ion) 
estimated  by  Brooks  and  Herring  is  too  small  for  such  highly  compensated  semiconductors.  This 
result  is  expected  for  the  reasons  given  by  Falicov  and  Cuevas  and/or  by  Stern,  but  we  demonstrate 
it  experimentally  for  the  first  time.  The  deviation  at  low  temperatures  between  Brooks-Herring 
calculations  and  experimental  mobilities  becomes  more  severe  for  samples  D  (K-0.49)  and  E 
(K=0.61)  as  seen  in  Fig.  3.  (b)  and  (c),  respectively.  Lofion)  given  by  Brooks  and  Herring  is  also 
too  small  for  these  cases. 

Figure  3  (a),  (b),  and  (c)  show  the  comparisons  between  experimentally  determined  Hall 
mobilities  and  theoretical  calculations  based  on  the  three  different  ionized  impurity  scattering 
models  for  samples  C  (K=0.40),  D  (K=0.49),  and  E  (K=0.61),  respectively.  The  theoretical  curves 
are  based  on  (i)  Brooks-Herring  model  (broken  curve),  (ii)  Falicov-Cuevas  model  (solid  curve),  and 
(iii)  Stern  model  (dashed  curve).  For  K<0.3  all  the  three  models  predict  essentially  the  same 
mobilities  for  T  between  10  and  300  K  and  they  agree  very  well  with  the  experiments.  For  samples 
C  and  D  [Fig.  3.  (a)  and  (b)],  Brooks-Herring  model  and  Stern  model  overestimate  the 
experimental  low  temperature  Hall  mobility  at  T=20  K  by  25%  while  oyerestimatmn  di^  to 
Falicov-Cuevas  model  is  less  than  10%.  For  sample  E  the  degree  of  overestimation  at  T=20  K  by 
Brooks-Herring  model  becomes  “35%  while  that  of  Falicov-Cuevas  and  Stern  models  becomes 
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Fig.  3  Comparison  between  calculations  and  experimentally  measured  mobilities  (•)  in  samples 
(a)  C,  (b)  p,  and  (c)  E.  Calculations  are  by  Brooks-Herring  model  (broken  curve),  Falicov-Cuevas 
model  (solid  curve),  and  Stern  model  (dashed  curve). 
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comparable.  The  experimental  mobility  at  T=20  K  and  Falicov-Cuevas  and  Stern  models  agree 
within  25%  for  sample  E.  We  therefore  conclude  that  the  Falicov-Cuevas  model  leads  to  the  best 
agreement  with  the  experimental  mobilities  in  all  samples  and  for  all  temperatures.  Stern  model 
may  be  appropriate  only  for  samples  with  high  K. 

It  is  not  surprising  to  find  significant  experimental  deviations  from  the  Brooks-Herring 
calculations  for  the  high  K  samples  at  low  temperatures.  Stern  model  does  not  work  as  well  as 
expected  possibly  because  he  derived  Eq.  (9)  assuming  absolute  zero  temperature  only.  The 
Falicov  and  Cuevas  model  works  quite  well  for  all  samples  throughout  the  temperature  range  we 
investigated.  Unfortunately  the  agreement  with  the  experiment  is  not  perfect  most  likely  because  or 
the  zero  order  estimation  they  used  in  deriving  the  correlation  function  ac  [Eq.  (8)].  (Falicoy  and 
Cuevas  did  not  use  a  rigorous  form  of  Coulomb  interactions  between  ionized  impurities  for  deriving 
ar.)  However,  it  should  be  emphasized  that  Falicov  and  Cuevas's  approach  of  solving  Poisson  s 
equation  without  resorting  to  the  expansion  and  their  idea  of  a  spatially  correlated  distribution  of 
ionized  impurities  at  low  temperatures  bring  the  results  of  theory  and  experiment  much  closer  than 
the  other  two  models.  The  existence  of  the  correlated  ion  distribution  was  indeed  confirmed  in  our 
recent  optical  absorption  measurements  on  highly  compensated  semiconductors.  [2] 


Summary  and  conclusions 

We  have  measured  the  Hall  mobility  in  a  series  of  compensated  isotopically  engineered,  p- 
tvpe  Ge-Ga  As  crystals.  The  quantitative  comparison  between  the  experimentally  measured 
mobility  and  theoretical  calculations  has  shown  that  the  widely  used  Brooks-Herring  approach  is 
not  applicable  to  heavily  compensated  semiconductors  (K>0.3)  in  the  temperature  range 
50  K.  Among  the  theories  we  considered,  the  ionized  impurity  scattering  cross-section  proposed  by 
Falicov  and  Cuevas  based  on  a  spatially  correlated  ionized  impurity  distribution  is  the  most 
appropriate  model  for  describing  the  low  temperature  mobility  in  highly  compensated  materials. 
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Abstract 

The  quality  of  molecular-beam  epitaxy  (MBE)  grown  SiGe  alloys  layers  is  discussed  from  a  defect-stu¬ 
dy  point  of  view.  It  is  shown  that  strain-free  Si|,,,Ge,j  alloy  layers  of  x^O.50  can  be  grown  of  a  quality 
sufficient  for  many  types  of  defect  studies.  Two  examples  of  the  use  of  MBE  grown  SiGe  layers  for  de¬ 
fect  studies  are  discussed,  namely  the  diffusion  of  Sb  and  the  pinning  behaviour  of  the  Sb-vacancy  pair. 


1.  Introduction 

Epitaxial  layers  of  SiGe  are  mainly  known  from  their  use  in  fast,  silicon-based  microelectronics,  e.g. 
as  strained  SiGe-base  layers  in  hetero-junction  bipolar  transistors  [1]  or  as  relaxed  graded  layers  in  III- 
V/Si  optoelectronic  integration  [2],  and  a  large  amount  of  research  has  been  put  into  the  optimization 
of  the  growth  procedures  for  these  purposes.  However,  the  steady  improvement  of  the  crystalline  and 
electrical  quality  of  the  layers  has  not  only  made  them  interesting  from  an  applied  point  of  view  but  also 
from  a  more  fundamental  [3];  there  are  now  epitaxial  SiGe  layers  available  of  an  electrical  and 
crystalline  quality  sufficient  for  many  types  of  defect  studies. 

Using  epitaxial-growth  techniques,  such  as  molecular-beam  epitaxy  (MBE)  or  chemical-vapour 
deposition  (CVD),  layers  of  high-crystalline  quality  of  strain-relaxed  material  of  any  composition  as 
well  as  layers  of  tensile-  and  compressive-strained  material  can  be  grown  on  silicon  substrates;  in  these 
layers  tailored  impurity  distributions  can  be  included  during  the  growth.  Hence,  the  band  gap,  and  the 
size  and  type  of  strain  can  be  varied  over  fairly  wide  ranges,  offering  a  flexible  system  for  studies  of 
the  influence  of  these  parameters  on  defects  in  Si  and  Ge,  in  very  well-defined  samples. 

Bulk-grown  Si,.^Ge,(  crystals  are  also  becoming  available,  and  very  recently  Cz-grown  crystals  with 
x=0.15  were  reported  [4].  Compared  to  epitaxial  layers  they  have  the  advantage  of  larger  thicknesses; 
however,  local  impurity  distributions  cannot  be  included  during  growth  and  strain  cannot  easily  be 
incorporated. 

In  this  paper  we  will  mainly  be  concerned  with  strain-relaxed  SiGe  layers  grown  on  graded  SiGe  buffer 
layers  as  these  layers  can  be  grown  to  thicknesses  which  easily  allow  for  defect  studies.  The  growth  of 
strain-relaxed  layers  of  crystalline  Sij.^^Ge,  of  any  x,  on  a  <100>-Si  substrate,  with  a  sufficiently  low 
concentration  of  as-grown  defects  such  that  intentionally  induced  defects  can  be  studied,  has  been  and 
still  is  a  challenging  task.  The  progress  in  growing  these  layers  will  be  reviewed  with  the  main  emphasis 
on  our  own  MBE-based  efforts  which,  for  the  time  being,  has  resulted  in  layers  of  x<0.50  of  sufficient 
quality  for  defect  studies.  As  examples  of  the  use  of  strain-relaxed  SiGe  in  defect  studies,  results  from 
investigations  of  the  diffusion  of  Sb  in  SiGe  [5,6]  and  of  proton-irradiation  induced  Sb-vacancy  pairs 
[7]  will  be  presented. 
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2.  Strain-Relaxed  SiGe  Layers 

The  lattice  constant  of  relaxed  Sii„Ge,  can  be  approximated  with  the  parabolic  expression  [8]: 
a(x)  =  0.02733x^  +  0.1992x  +  5.431  (A) 


An  alloy  layer  of,  e.g.  x=0.30  has  a  lattice  mismatch  of  1.1%  to  Si  and  a  critical  thickness  for 
dislocation-free  growth  of  about  lOOA  [9].  For  layer  thicknesses  above  this  critical  thickness 
dislocations  will  develop  with  misfit  segments  parallel  to  and  near  the  interface,  and  with  threading 
segments  running  through  the  layer  to  the  surface  [9].  When  a  fully  relaxed  Sig  vGeg  3  layer  is  grown 

directly  on  Si,  the  resulting  density  of  threading  dislocations  is 
typically  in  the  range  of  lxlO‘“  and  IxlO"  cm'^  [10].  It  was  already 
realized  in  the  seventies  by  Abrahams  et  al.  [1 1]  for  the  growth  of  III-V 
compounds  that  the  concentration  of  threading  dislocations  could  be 
reduced  significantly  by  grading  the  composition.  This  growth 
procedure  has  been  successfully  taken  over  by  the  SiGe  community 
[3,12];  thus  between  the  Si  substrate  and  the  SiGe  top  layer  a  com- 
10/0  Ge/nm  graded  buffer  layer  is  included  (Fig.  1).  For  a  properly 

chosen  growth  procedure  the  effect  is  a  reduction  of  the  threading 
dislocations  in  the  top  layer  of  more  than  a  factor  of  lO'^  [12].  The 
mechanism  behind  this  reduction,  is  a  combination  of  increased 
dislocation-glide  distance  and  annihilation  of  threads  with  antiparallel 
Burgers  vectors  [3,13].  Figure  2  shows  a  cross-section  transmission- 
electron  microscopy  picture  of  a  Sig  gsGeg  35  structure  having  a  3.5pm 
thick  linearly  graded  buffer  layer  and  a  - 1  pm  thick  uniform  top  layer. 


Fig.  1  Schematic  structure  of 
an  epitaxially  grown,  strain- 
relaxed  Si,.jGej  sample. 


The  growth  parameters  for  this  structure  (and  for  the  structures 
mentioned  below)  were  a  grading  rate  of  10%Ge/pm,  a  grading  start  at 
-0%  Ge,  and  a  substrate  temperature  of  800“C.  It  can  be  appreciated 
that  there  is  a  very  high  density  of  misfit  dislocations  in  the  graded 


buffer  layer  and  no  threads  in  the  top  layer.  From  a  large  number  of  strain-relaxed  SiGe  layers  on 
graded  buffer  layers  grown  in  our  MBE  system,  we  can  quantify  the  dislocation  density  in  the  uniform 
top  layer  as  given  in  Table  1.  The  MBE-growth  rate  is  typically  3-5A/sec;  thus,  a  Sig  jgGeg  jo  structure 


with  a  4pm  top  layer  takes  about  10 
hours  to  grow.  There  is  some  activity 
going  on  to  reduce  the  long  growth  time 
which  in  particular  becomes  a  problem 
as  X  is  approaching  1 .  Osten  and  Bugiel 
[10]  have  demonstrated  that  by  adding  a 
controlled  amount  of  C  to  the  graded 
buffer  layer  a  strain-relaxed  top  layer  of 
SigToGeg  3g  wlth  a  dislocation  density  of 
less  than  1x10^  cm'^  could  be  grown  on 
a  graded  buffer  layer  of  only  1pm.  Very 
recently,  Linder  et  al.  [14]  have  ob¬ 
tained  promising  results  with  only  a  thin 
(0.1 -0.2pm)  Si  buffer  grown  at  low 
temperature  between  the  substrate  and 


Uniform  top  layer 


Graded  buffer  layer 


Si  substrate 


Fig.  2  Cross-section  TEM  picture  of  an  epitaxial,  strain-relaxed 
SioesGeojs  structure  grown  on  <100>Si.  The  graded  buffer  layer 
is  iSpm  thick  and  the  uniform  top  layer  is  1pm. 
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the  uniform  top  layer  and  no  compositionally  graded  layer;  for  Sig  gjOeg  ,5  a  dislocation  density  of  about 
IxlO'^cm'^  was  obtained.  For  many  defect  studies  SiGe  layers  with  dislocation  densities  equal  to  those 
given  in  Table  1  are  sufficient. 

Table  1:  Dislocation  density  in  strain-relaxed  Sii.^Ge^  layers  grown  at  800°C  on  compositionally  graded  buffers  with  a 
composition  grading  of  10%Ge/pm. 


X 

Dislocation  Density  [cm  ’] 

iO.25 

-1x10^ 

0.25  -  0.35 

-5x105 

0.35  -  0.50 

-1x10* 

We  have  further  investigated  the  structural  quality  of  the  uniform-top  layers  by  measurement  of  detailed 


Fig.  3  Critical  angles  (a)  and  normalized  minimum  yields  (b)  for  <100>-axial  channeling  in  Sii.^Ge^  as 
a  function  of  x.  The  dashed  curves  are  linear  interpolations  between  values  for  Si  and  Ge;  the  solid  curve 
is  corrected  for  the  dependence,  where  Z  is  the  average  atomic  number.  From  ref.  [15]. 


channeling-angular  scans  using  2-MeV  a-particles,  and  compared  the  results  to  Monte  Carlo  simula¬ 
tions  [15,16,17].  Figure  3  shows  measured  critical  angles  for  channeling  and  minimum  channeling 
yields  as  a  function  of  the  composition  x.  There  is  a  good  agreement  between  the  measured  critical 
angles  and  the  theoretical  expectations  for  perfect  crystals;  however  the  minimum  yield  is  too  high  and 
increases  with  increasing  Ge  content.  We  have  shown  [16]  that  this  behaviour  is  consistent  with  a  com¬ 
positionally  dependent  mosaic  spread,  which  is  ~0. 1  ° 
for  x=0.37.  A  similar  conclusion  was  reached  by 
Mooney  et  al.  [18]  based  on  x-ray  diffraction  mea¬ 
surements.  We  speculate  that  this  mosaic  spread 
originates  from  the  misfit-dislocation  structure  in  the 
graded  buffer  layer  which  can  create  non-uniform 
stress  films  influencing  the  film  growth. 


Photoluminescence  (PL)  measurements  have  been 
mainly  performed  in  order  to  optimize  the  growth 
procedures.  The  PL  spectra  are  dominated  by  near 
band  gap  excitonic  luminescence  with  an  intense 
sharp  no-phonon  transition;  this,  as  well  as  the  obser¬ 
vation  of  well-distinguished  phonon  modes,  (Fig.  4) 


7600 


8400 


7800  8000  8200 

WAVENUMBER  (cnr') 

Fig.  4  Photoluminescence  spectrum  of  a  Sio.6GeQ4 
strain-relaxed  layer  for  an  excitation  wavelength  of 
457.9nm.  From  ref.  [19]. 
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indicates  a  high  quality  of  the  SiGe  layers.  The  PL  measurements  were  of  decisive  importance  for  our 

decision  of  using  a  substrate-growth  temperature  >750°C  [20]. 

The  layers  are  doped  n-  or  p-type  during  growth  with  Sb  or  B,  respectively,  from  effusion  cells.  Layers 
grown  without  an  intentional  doping  become  n-type  in  our  system  with  a  dopant  concentration  of  I  - 
5xl0'^cm‘^.  We  have  observed  that  in  the  strain-relaxed  SiGe  layers  the  concentration  of  deep  levels 
as  determined  by  deep  level  transient  spectroscopy  (DLTS)  is  reduced  significantly  as  compared  to  the 
case  of  Si  growth;  we  ascribe  this  to  a  gettering  effect  of  the  misfit  dislocations  in  the  graded  buffer 
layer.  The  concentration  of  deep  levels  is  found  from  DLTS  measurements  to  be  smaller  than 
5xl0'’cm'^  in  unintentionally  doped  layers  and  smaller  than  2xl0'^cm'^  in  both  p-  and  n-type  layers 
doped  to  less  than  IxlO'^cm'^.  It  has  been  crucial  for  our  defect  studies  to  achieve  such  a  low  concen¬ 
tration  of  deep  levels. 


3.  Defect  Studies  with  SiGe 
3.1.  Diffusion  of  Sb 

The  diffusion  of  Sb  in  Si  is  known  to  precede  predominantly  by  the  vacancy-assisted  mechanism  via 
the  formation  of  Sb-vacancy  pairs  (E-centre  mechanism)  [21],  and  is  believed  to  do  so  also  in  Ge  [22], 
although  to  our  knowledge  there  is  no  experimental  evidence  in  Ge  for  this  quality.  Thus,  we  consider 
Sb  in  SiGe  alloys  for  an  excellent  test  specie  to  study  vacancy-mediated  diffusion  as  a  function  of  the 
Ge  content. 


grow 


A  determining  advantage  of  the  epitaxial  methods  compared  to  traditional  bulk-crystal  methods  to 
structures  for  defect  studies  is  that  very  well  defined  impurity  profiles  can  be  incorporated  during 
growth  into  the  layer  in  which  the  diffusion  will  be  studied.  This  has  been  utilized  in  the  present  case 
where  a  Sb  spike  is  buried  in  the  SiGe  top  layer 


centred  about  2000A  from  the  surface.  The  Sb 
peak  concentration  is  kept  below  IxlO'^cm"^  to 
prevent  Sb  from  precipitating  during  diffusion 
and  to  ensure  that  the  diffusion  precedes  in  the 
intrinsic  regime,  by  keeping  the  Sb  concentra¬ 
tion  below  the  intrinsic  carrier  concentration  at 
the  diffusion  temperature. 

Figure  5  shows  representative  chemical  profiles 
measured  by  secondary  ion-mass  spectrometry 
(SIMS)  from  as-grown  and  heated  samples 
together  with  calculated  profiles  [6].  The  diffus- 
ivity  was  found  to  be  time  independent  and  well 
characterized  with  a  concentration  independent 
diffusion  coefficient,  in  agreement  with  the 
chosen  doping  level.  It  can  be  appreciated  from 
the  figure  that  the  diffusivity  in  SiojoGeg  jo  is 
higher  than  that  in  Sio  goGco.io-  "^’^e  extracted 
activation  energies  of  Sb  diffusion  are  plotted  in 
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Fig.  5  Chemical  profiles  of  Sb  in  Sii.^Ge,,  as-grown  (•), 
heated  (o),  and  calculated  (solid  line);  (a):  x=0.3,  (b): 
x=0.2.  The  heating  temperature  and  time  was  851  °C  and 
24  hours,  respectively.  From  ref.  [6]. 
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Fig.  6  together  with  a  literature  value  for  that  of  Ge.  Also  shown  in  Fig.  6  as  a  solid  line  is  a  linear 
interpolation  between  the  Si  and  Ge  activation  energies.  The  measured  activation  energies  are 
significantly  higher  that  the  linearly  extrapolated  values.  According  to  Hu  [23],  the  activation  energy 
for  E-centre  diffusion  is  given  as 


Q  =  Hf+H,-AEb 


where  Hf  and  are  the  vacancy  formation  and 
migration  enthalpies,  respectively,  and  AE,,  is 
the  binding  energy  between  the  Sb  and  the 
vacancy  in  the  third  nearest  neighbour  position 
to  the  Sb  atom.  None  of  these  terms  are  ex¬ 
pected  to  scale  linearly  between  Si  and  Ge  and, 
moreover,  could  scale  independently.  Thus,  one 
should  not  a  priori  expect  a  linear  dependence. 
We  have  tried  a  very  simple  concept  which  is 
only  meant  to  indicate  a  possible  route  for  the 
modelling  [6].  This  concept  is  based  on  the 
observation  that  the  vacancy  has  to  pass  two 
energy  barriers  in  order  to  reach  the  saddle 
point  for  E-centre  diffusion.  In  this  simple 
model  it  is  assumed  that  the  higher  of  the  two 
barriers  is  the  determining  factor,  thus  only  in 
the  case  of  two  Ge  barriers  is  the  activation 


Fig.  6  Extracted  activation  energies  as  a  function  of  Ge 
content  (•);  also  shown  is  a  linear  interpolation  between 
the  pure  Si  and  Ge  values  (solid  line)  and  an  interpolation 
based  on  the  qualitative  explanation,  see  text  (dashed 
line).  The  value  for  pure  Ge  is  a  mean  value  of  the  values 
given  by  Sharma  [26],  From  ref.  [6]. 


energy  equal  to  that  for  Ge.  Assuming  a  binomial  distribution  of  atoms  iti  the  alloy,  a  quadratic 
expression  for  the  activation  energy  is  obtained: 

Q(x)  =  (l-x2)-Q(Si)  +  x2-Q(Ge). 

The  result  of  this  simple  approach  is  also  shown  in  Fig.6  as  the  dashed  curve,  and  the  agreement  with 
the  experimental  values  is  surprisingly  good. 


3.2.  The  Sb- Vacancy  Pair 

The  group  V  -  vacancy  complex,  the  E-centre,  plays  a 
central  role  in  the  vacancy-assisted  diffusion  of  P,  As,  or 
Sb  in  Si  and  SiGe,  as  has  been  demonstrated  above  in  the 
case  of  Sb.  The  E-centre  has  an  acceptor  level  in  the 
upper  part  of  the  energy  gap,  at  around  E^  -  0.42eV,  the 
exact  position  being  dependant  on  the  group-V  element 
involved.  At  the  diffusion  temperature,  e.g.  at  1000  °C, 
the  band  gap  in  Si  will  be  reduced  to  0.72eV  from  1.1 2eV 
at  room  temperature.  The  question  is  now  what  happens 
to  the  acceptor  level  of  the  E-centre  when  the  temperature 
is  increased  to  the  diffusion  temperature.  Two  different 
scenarios  are  depicted  in  Fig.  7:  If  the  level  is  pinned  to 
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Fig.  7  The  position  of  the  acceptor  level  of  the 
Sb-vacancy  pair  in  the  conduction  band  at  the 
two  mentioned  temperatures  (see  text). 
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the  valence  band,  at  1000°C  it  will  be  placed  at  E, 


Fig.  8  DLTS  spectra  of  Si,.^Ge,j  strain-relaxed  layers 
after  irradiation  with  identical  doses  of  2-MeV 
protons.  The  spectra  are  from  top  to  bottom  for 
x=0.25,  0.15,  0.10,  and  0.05,  respectively.  Only  the 
spectrum  for  the  x=0.05  sample  follow  the  y  axes;  the 
other  spectra  are  shifted  arbitrarily  but  drawn  to  scale. 
The  spectra  were  all  recorded  using  a  repitition  rate  of 
1,0kHz,  From  ref.  [7], 


.  -  0.02eV,  and  the  complex  will  be  neutral  during 
diffusion;  if,  on  the  other  hand,  the  level  is  pinned 
to  the  conduction  band,  it  will  be  placed  in  the  lower 
part  of  the  band  gap,  and  the  complex  will  be 
negatively  charged  during  diffusion.  The  charge 
state  of  the  complex  is  of  course  of  decisive  impor¬ 
tance  for  its  diffusivity  and,  moreover,  influences 
its  equilibrium  concentration. 

We  have  studied  the  pinning  behaviour  of  the 
acceptor  level  of  the  E-centre  in  Si  by  varying  the 
composition  of  strain-relaxed  Sii.^Ge^  from  x=0  to 
x=0.25  [7];  in  this  composition  range  the  band  gap 
changes  at  room  temperamre  from  1.12eV  to  1.02- 
eV,  respectively,  and  the  band  gap  is  determined 
by  the  Si-Iike  X  conduction-band  minimum  in  the 
whole  composition  range. 

Either  Schottky  or  p'^n  diodes,  doped  to  about 
5xlO'^Sb/cm^,  were  irradiated  with  2-MeV  pro¬ 
tons  at  room  temperature  to  doses  of  about  1.5x- 
i0'-cm‘^.  Typical  DLTS  spectra  from  the  different 
SiGe  alloy  layers  are  shown  in  Fig.  8.  Four  lines 
can  be  distinguished  in  the  spectra.  From  activa¬ 


tion  energies,  apparent  capture-cross  sections,  and 
annealing  temperatures  they  have  been  identified  as 
originating  from  interstitial  carbon  Cj  (  T,  ),  the 
interstitial  carbon-substitutional  carbon  pair  Cj-Cj  ( 
T2  ),  the  divacancy  (  T3 ),  and  the  E  centre  (  T4  ) 
[7,24],  We  have  up  to  now  only  studied  the  E-centre 
as  a  function  of  composition,  and  in  the  following 
only  this  centre  will  be  discussed. 

It  appears  from  Fig. 8  that  1)  the  E-centre  signal 
moves  to  higher  temperature  with  increasing  Ge 
content,  2)  the  size  of  the  signal  is  reduced  with 
increasing  Ge  content  and  3)  the  half  width  of  the 
peak  is  within  5%  independent  of  the  Ge  content. 
Figure  9  shows  the  activation  energy  (enthalpy) 
relative  to  the  conduction  band  edge  and  the  appar¬ 
ent  capture  cross  section  as  a  function  of  composi¬ 
tion  extracted  from  Arrhenius  plots  of  the  thermal 
emission  rate,  corrected  for  the  T^  dependence.  The 
apparent  capture  cross  section  o^^  is  equal  to  o„j  = 
Xn  ^n’  where  %„  is  the  entropy  factor  and  (j„  the 
capture  cross  section.  We  have  measured  o„  as  a 
function  of  composition  and  found  that  it  is  inde- 


Fig.  9  Activation  enthalpies  (a)  and  apparent  capture 
cross  sections  (b)  for  the  Sb-V  defect  extracted  from 
Arrhenius  plots.  The  indicated  uncertainties  are  only 
statistical  ones  from  least-squares  fits  to  the  Arrhenius 
plots;  the  systematic  uncertainties  are  estimated  to  be 
of  the  order  of  5%  on  the  activation  enthalpies,  and 
10%  on  the  capture  cross  sections.  From  ref.  [7], 
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pendent  of  composition.  Thus  %„  could  be  determined  as  a  function  of  composition  and  then  used  to 
correct  the  activation  enthalpy  given  in  Fig.  9a  to  obtain  the  Gibbs  free  energy.  The  Gibbs  free  energy 

gives  the  true  position  of  the  level  in  the  band 
gap,  and  as  shown  in  Fig.  10  the  position  of  the  E- 
centre  level  in  the  band  gap  is  independent  of 
composition;  thus,  the  acceptor  level  of  the  E- 
centre  is  pinned  to  the  conduction  band.  The 
average  energy-position  of  the  level  relative  to  the 
conduction  band  is  found  from  Fig.  10  to  be 
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Fig.  10  Gibbs-free  energy  of  the  Sb-V  defect  as  a  func¬ 
tion  of  composition.  The  uncertainties  are  statististical 
uncertainties  only;  the  systematic  uncertainties  are  esti¬ 
mated  to  be  of  the  order  of  5%.  From  ref.  [7]. 


We  can  now  understand  the  two  other  properties 
of  the  E-centre  DLTS  signal  mentioned  above. 
The  reduced  intensity  with  increasing  Ge  compo¬ 
sition  is  due  to  the  fact  that  the  level  moves  deep¬ 
er  into  the  band  gap  and  then  starts  to  communi¬ 
cate  also  with  the  valence  band.  As  the  DLTS 
signals  shown  in  Fig.  8  is  due  to  electrons  emitted 
from  the  E-centre  level  to  the  conduction  band, 


and  as  the  energy  difference  is  independent  of  composition,  there  will  be  no  broadening  of  the  signal 
due  to  the  statistical  fluctuation  of  Ge  atoms  around  the  E-centre  [25]. 


4.  Conclusions 

Strain-relaxed,  epitaxial-grown  Sij.^Ge^  alloy  layers  on  Si  substrates  are  very  attractive  for  defect 
studies  for  several  reasons;  The  band  gap  can  be  changed  independent  of  temperature  or  external  pres¬ 
sure  making  it  possible  to  study  band-gap  sensitive  phenomena  such  as  the  pinning  behaviour  of  deep 
levels  in  the  band  gap.  The  composition  can  be  changed  gradually  from  Si  to  Ge  which  might  shed 
light  on  physically  processes  such  as  impurity  diffusion  which  is  known  to  be  different  in  Si  and  Ge  for 
a  number  of  impurities.  Finally,  very  well  defined  impurity  profiles  can  be  incorporated  in  the  layers 
during  the  growth  which  is  very  attractive  for  diffusion  studies.  However,  a  prerequisite  for  such  studies 
is  that  material  of  a  sufficient  quality  is  available.  We  have  demonstrated  that  this  is  actually  the  case 
for  Sii_,.Ge,.  layers  of  x<0.50,  and  we  are  convinced  that  this  upper  limit  will  move  further  up  in  the 
near  future.  The  use  of  strain-relaxed  SiGe  alloy  layers  for  defect  investigations  have  been  exemplified 
by  the  studies  of  Sb  diffusion  and  the  pinning  behaviour  of  the  Sb-vacancy  pair. 
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Abstract. 

The  temperature  dependences  of  lateral  conductivity  and  hole  mobility  in  SiGe  quantum  well 
structures  selectively  doped  with  boron  are  presented.  The  h.oron  A*  centers  are  found  to  exist  and 
determine  the  low-temperature  conductivity.  The  activation  energy  of  conductivity  at  higher 
temperatures  is  shown  to  be  determined  by  the  energy  distance  between  strain-split  boron  A°  centers. 
The  model  of  two-stage  excitation  of  free  holes  including  the  thermal  activation  of  holes  from  the 
ground  to  split-off  state  and  next  tunneling  into  the  valence  band  is  proposed.  The  binding  energy  of 
A'^  centers  and  the  energy  splitting  of  boron  ground  states  by  strain  are  found. 

Introduction. 

Selectively  doped  SiGe  quantum  well  structures  (QWs)  are  of  great  interest  for  study  of  acceptor 
states  which  are  degenerate  in  bulk  material  and  should  be  split  in  two-dimensional  (2D)  systems 
due  to  space  quantization  and/or  strain.  The  energy  positions  of  ground  and  exited  states  of  an 
acceptor  can  be  controlled  in  a  wide  range  by  alloy  composition,  QW  width,  doping  level  and  space 
position  of  an  acceptor  center.  In  this  report,  the  binding  energies  of  2D  positively  charged  (A'') 
acceptor  states  and  strain-splitting  energy  of  neutral  (A^)  states  in  boron  doped  SiGe  QWs  for 
structures  with  the  same  QW  width  and  doping  level  and  different  alloy  composition  are 
determined.  So-called  A'^  states  (acceptors  binding  an  additional  hole)  [1,2]  are  of  specific  interest 
as  they  should  exist  in  SiGe  QWs  in  thermal  equilibrium  in  contrast  to  bulk  material  where  they  can 
appear  only  due  to  excitation,  e.g.,  by  light.  Similar  Z)  -states  of  donors  have  been  investigated  in 
GaAS/GaAlAs  structures  [3,4]. 

Experiment. 

The  p-type  Si/SiGe/Si  QWs  MBE-grown  pseudomorphically  on  the  «-type  Si  substrate  and 
selectively  doped  with  boron  were  used  for  conductivity  and  magnetoconductivity  measurements  at 
the  temperatures  of  4  up  to  300  K.  The  SiGe  layer  of  20  nm  thickness  was  sandwiched  between 
undoped  Si  buffer  (130  nm  wide)  and  cap  (60  nm)  layers.  The  SiGe  QW  was  uniformly  doped  with 
boron;  the  B  concentration  was  of  3*  lO'^  cm'^.  The  content  of  Ge,  x,  in  SiGe  alloy  was  0.1  and  0.15, 
respectively.  Two  boron  delta  layers  with  B  concentration  of  2*10“  cm'^  positioned  within  the 
buffer  and  cap  layers  on  the  distance  of  30  nm  from  each  QW  interface  were  used  to  obtain  A'^ 
centers  inside  the  QW.  The  buffer  delta  layer  should  also  supply  holes  to  form  the  p-n  junction 
between  the  p-layers  and  the  n-substrate.  This  hole  concentration  Vpn  was  calculated  by  the 
expression:  Np„  =  (KVdO/27te^)'®,  k  is  the  dielectric  constant,  Ni  is  the  donor  concentration  in  the 
substrate,  O  is  the  initial  difference  of  Fermi  energies  in  k-  and  p-regions  (4)«1  eV),  taking  into 
account  the  total  depopulation  of  donors  in  space  charge  region.  From  the  measurements  of  donor- 
bound  exciton  luminescence,  we  have  TVd  «  2*10*"*cm'^  for  the  QWs  withx=0.1  and  A(j »  5*10'"*  cm 
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^  for  x=0.15.  (We  are  indebted  to  A. S. Kaminskiy  for  obtaining  this  data.)  So,  we  get  that  the 
concentration  in  the  buffer  delta  layer  is  diminished  by  TVpn  »  5*10'°  cm'^  and  8.5*10’°  cm'^  for 
above  structures. 

The  contacts  were  deposited  on  the  p-type  side  of  structures  so  that  the  p-n  junction  prevented  from 
a  current  along  the  substrate. 

Figure  1  shows,  in  log-1 /r 
scale,  the  temperature 
dependence  of  conductivity 
along  the  SiGe  layer  for  the 
samples  with  0.1  and  0.15  Ge 
content,  x.  One  can  see  two 
activation-law  regions  in  the 
curves.  The  low-temperature 
activation  energy  is 
approximately  2  meV  and 
practically  coincides  for  the 
samples  with  different  Ge 
content.  The  activation 
energy  at  higher  temperatures 
(r>20  K)  is  of  12  ±  1  meV 
forx=0.1  and  19  +  1  meV  for 
x=0.15.  The  hole  mobility,  p, 
was  determined  from  the 
1/T  measurements  of  transverse 

magnetoconductivity  by 

Fig.  1.  Temperature  dependence  of  conductivity.  means  of  the  expression 

Aa/a  =  (cr  is  the 

conductivity,  H  is  the  magnetic  field,  c  is  the  light  velocity).  The  temperature  dependence  of  p  is 
shown  in  Fig.2.  The  maximum  in  the  p(7)  dependence  points  at  the  change  of  scattering 
mechanism.  Note  the  comparatively  high  mobility  values. 

Discussion. 

There  are  two  possible 
explanations  of  the  observed 
exponential  temperature 
dependence  of  conductivity. 
First,  the  low-temperature 
activation  energy  («  2  meV) 
can  be  due  to  the  thermally 
activated  hopping 

conductivity.  In  dependence 
on  the  Fermi  level  (sf) 
position,  the  hopping  can  be 
over  neutral  (A°)  boron 
states  if  8f  «  s° ,  s°  is  the 
20  25  30  35  40  45  binding  energy,  or  positively 

T,  K  charged  A^  states  if  sf  «  , 

it  is  A'^-  centers  binding 

Fig.2.  Temperature  dependence  of  hole  mobility  for  x=0.1.  energy.  The  main  argument 

against  the  hopping  is  the 

low  conductivity  observed.  Really,  at  the  given  doping  level  in  QW,  3*10’^  cm'^,  the  mean  distance 
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between  impurities  («  8  nm)  is  of  the  order  of  the  effective  Bohr  radius  of  impurity,  which  can  be 
estimated  by  the  expression  qb  ~  fiN2mEB-  Using  linear  interpolation  of  GeSi  parameters  between  Si 
and  Ge,  we  get  ob  «  2.5  nm  for  and  *10  nm  for  A*  states  [5],  Because  of  strong  overlapping 
impurity  states,  the  specific  (on  square)  conductivity  value  can  not  be  less  than  1-10  kOhm  (see, 
f  i.,  [6]  for  references).  It  is  several  orders  of  magnitude  more  than  the  experimental  values. 

The  second  possible  origin  of  2  meV  activation  energy  can  be  the  thermal  hole  emission  from  A^" 
states.  The  calculation  of  the  A'^  binding  energy  [6]  gives  just  s'" »  2  meV,  being  weakly  dependent 
on  Ge  content  in  SiGe  alloy.  The  necessary  condition  for  conductivity  due  to  thermal  activation  of 
A'*'  centers  is  the  Fermi  level  to  be  near  z*  at  low  temperatures.  Let's  now  discuss  this  possibility  for 
our  samples.  Shown  in  Fig.3  is  the  schematic  view  of  the  valence  band  potential  profile  of  the  QW 
structures  investigated.  Due  to  charged  5-delta  layers,  two  barrier  regions  with  linear  potential 
distribution  should  appear  outside  of  QW.  To  find  the  Fermi  level  position  and  then  the  temperature 

dependence  of  free  hole  concentration  we  used  the 

_ E  following  set  of  equations: 

- ? - ep  JV 12  =  N&-{1+  exp[-(z%  -Ey,z)/kT]} 

N-N' -N*  =  N-{1+  exp  [-(So  -^zj/kT]} 

N*  =  N{1+ exp[- (e^ -£f)/kT]}'\ 

_ ;  T  ,  e,  =ep  -  A  +  (47te^d/K.)[N' \  -(TV 2  -  Np,d+  N^-N'+  p], 

\  :  i  S2  =Ef  -  A+  (47ie^d/K)[-K\  +  (N' 2  -  Tfpn)  -N*  +N'  -p], 

\  j  ''  ~'~-~-__^n-region  ATi-t- W2+ AT  =  Af  + />. 

\  /  i  Here  AT  1,2  are  the  concentrations  of  empty 

\  /  ;  (negatively  charged)  5  centers  in  the  cap  and  buffer 

N  I/  8-layers,  respectively,  A^s  and  N  -is  the  5 

concentration  in  8-layers  and  in  SiGe  QW,  N*  and 
AT  are  the  concentrations  of  positively  and 
negatively  charged  5  centers  in  the  QW,  p  = 
Nvexp(ZflkT)  is  the  free  hole  concentration  and  A'v  is 
Fig.3.  Schematic  view  of  SiGe  QW  valence  the  density  of  states  in  the  QW,  Sg,  So,  and  e'^  are  the 
band  structure.  binding  energies  of  5  centers  in  Si,  and  boron-^° 

and  A*  centers  in  the  SiGe  QW,  A  is  the  valence 
band  offset,  d=30  nm  is  the  distance  between  the  8-layers  and  QW  interfaces,  k  is  the  dielectric 
constant.  The  QW  top  energy  was  taken  for  zero.  The  calculated  temperature  dependence  of  hole 

concentration  p  for  x=0.1  and 
for  different  8-layer  doping 
level  is  presented  in  Fig.4.  The 


Fig.4.  Calculated  temperature  dependence  of  hole  concentration 
QW  at  various  8-layer  doping  level. 


main  feature  of  curves  is  the 
absence  of  a  free  hole  density 
saturation  at  the  temperatures  of 
depopulation  of  the  A^  level 
which  should  exist  at  similar 
conditions  in  the  bulk  material. 
The  reason  for  such  a  behavior 
is  the  absence  of  local  charge 
neutrality  and  “horizontal” 
redistribution  of  carriers 

between  the  QW  and  8-layers 
with  changing  temperature. 

The  values  of  the  binding 
energies  of  A’^  and  A'^  centers,  So 
and  s"^,  was  varied  to  fit  the 
experimental  curve.  The 
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parameters  for  the  best  fit  are  the  following:  So  =  24  meV  and  36  meV  for  x=0.1  and  x=0.15, 
respectively,  s^=  2  meV  and  A/g  =10^  cm‘^  for  both  structures.  Thus  the  low-temperature  activation 
energy  is  the  binding  energy  of  the  boron  centers  in  QW.  However,  the  extra  hole  concentration 
supplied  into  QW  turns  out  to  be  two  orders  less  than  the  doping  level  of  5-layers.  The  only  reason 
for  this  seems  to  be  Si  surface  states  which  can  accumulate  almost  all  holes  from  the  5-layers.  _ 

The  origin  of  activation  energy  at  higher  temperatures  is  not  so  obvious.  It  should  be  one  half  of 
boron-y4°  binding  energy  because  the  Fermi  level  lies  between  the  valence  band  edge  and  the  5° 
ground  state  as  it  is  filled.  So,  the  observed  high-temperature  activation  energies,  12  and  18  meV, 
correspond  to  24  and  36  meV  binding  energies.  These  values  are,  however,  quite  surprising. 
Indeed,  the  binding  energy  of  shallow  impurity  should  decrease  with  increasing  both  Ge  content  and 
strain,  it  is  quite  the  contrary  to  the  experiment.  Moreover,  the  value  of  8o  =  24  meV  seems  not  to  be 
real  for  x=0. 1 . 

The  only  energy  which  could  agree  with  the  above  values  of  sq  is 
the  energy  differenee  between  acceptor  levels  split  by  strain. 
Indeed,  the  splitting  energy  of  the  ground  acceptor  state  found  by 
means  of  linear  interpolation  between  Si  and  Ge  is  »  1 5  and  25 
meV  for  x=0.1  and  x=0.15,  respectively.  This  is  close  to  the 
experimental  aetivation  energies.  (Note  that  the  estimation  of  the 
energies  by  interpolation  is  very  approximate.)  The  splitting 
energy  can  be  as  the  activation  one  only  if  holes  can  pass  from 
the  split-off  state  into  the  valence  band  without  activation,  that  is 
by  tunneling.  It  is  impossible  in  the  scheme  of  flat  bands.  On  the 
other  hand,  we  have  seen  from  the  experiment  that  almost  all 
holes  from  the  5-layers  accumulate  in  the  surface  states  making 
the  surface  charged.  So,  the  potential  across  the  structure  should 
appear  inclining  the  valence  bands.  The  scheme  of  potential 
Fig.5.  Scheme  of  conductivity  distribution  for  this  case  is  shown  in  Fig.5.  One  can  see  from  this 
activation  y  tunne  mg.  scheme  that  the  conductivity  in  this  case  can  be  controlled  by 

two-stage  process:  first,  the  thermal  activation  of  holes  from  the  ground  to  split-off  state  takes  place 
and  then  hole  tunneling  into  free  hole  band  creates  the  conductivity.  To  estimate  the  possible 
potential  drop  across  the  structure,  let’s  remember  an  empirical  law  that  for  most  homeopolar 
semiconductors  the  Fermi  energy  is  fixed  on  the  surface  near  1/3  of  the  energy  gap  from  the  valence 
band.  It  is  «  0.4  eV  for  Si.  The  QW  width  is  5  times  less  than  the  structure  width.  So,  the  potential 
drop  on  the  QW  is  of  «  80  meV.  Of  course,  this  estimation  is  too  rough  but  it  shows  that  the 
proposed  model  can  be  real.  Thus,  the  arguments  for  the  model  are  (i)  the  increasing  activation 
energy  of  conductivity  with  Ge  content,  (ii)  small  additional  hole  concentration  supplied  from  5- 
layers  into  the  QW,  and  (iii)  charging  the  surface  and  arising  the  potential  drop  across  the  QW,  as  a 
consequence. 

Summary. 

The  experimental  data  presented  give  evidence  for  existence  of  centers  in  B  doped  SiGe  QW 
structures  in  thermal  equilibrium.  The  thermal  emission  of  holes  from  these  centers  determines  the 
conductivity  along  the  QW  at  low  temperatures.  At  higher  temperatures,  the  conductivity  is  shown 
to  be  due  to  thermal  activation  of  holes  from  the  ground  to  strain-split  B  states  following  by  hole 
tunneling  into  the  QW  valence  band.  The  tunneling  is  made  possible  due  to  a  potential  drop  across 
the  QW  which  arise  due  to  hole  capture  at  surface  states  of  the  Si  cap  layer  making  the  surface 
charged.  Note  that  in  structures  with  doping  profile  and  level  investigated,  it  is  possible  to  find  the 
energy  splitting  of  acceptor  levels  by  strain  from  temperature  dependence  of  conductivity. 

This  work  was  supported  in  part  by  Grants  No  96-02-17352  and  97-02-16820  from  RFBR,  No  97- 
10-55  from  Russian  Ministry  of  Science  and  Technology  and  Volkswagen  Stiftung  Grant. 
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Abstract.  In  the  present  work,  carbon  is  implanted  into  monociystalline  Ge  and  into  relaxed  epitaxial 
MBE-grown  Sii-xGcx.  The  samples  are  studied  with  infrared  absorption  spectroscopy  along  with  ion¬ 
channeling  studies  on  the  Ge  samples.  Finally,  ab-initio  local  density  functional  cluster  theory  is 
applied  to  calculate  the  stmcture  and  the  local  vibrational  modes  of  substitutional  carbon,  Cs,  in  Ge. 
After  implantation  of  in  Ge  at  room  temperature  and  subsequent  annealing  at  350  “C,  a  sharp 
absorption  line  is  observed  at  531  cm  '.  By  isotope  substitution,  it  is  concluded  that  the  531  cm'*  line 
represents  a  local  vibrational  mode  of  a  single  carbon  atom.  From  ion-channeling  measurements  on 
samples  annealed  at  450  “C,  it  is  found  that  31  ±3  %  of  the  carbon  atoms  are  located  at  substitutional 
sites.  The  population  of  the  substitutional  site  and  the  intensity  of  the  531  cm"'  mode  have  identical 
annealing  behavior  and  it  is  concluded  that  the  531  cm''  mode  is  the  three-dimensional  Ta  stretch 
mode  of  Cs  in  Ge.  The  calculated  frequency  and  isotope  shift  for  this  mode  are  in  good  agreement  with 
the  observations. 

In  Sio.65Geo.35,  two  broad  absoiption  lines  are  observed  at  -551  and  -592  cm''  after  implantation  of 
'^C*'  and  subsequent  annealing  at  550  °C.  From  measurements  on  samples  implanted  with  ^C*'  and  co¬ 
implanted  with  '^C'  and  '^C*'  we  conclude  that  these  lines  represent  local  vibrational  modes  of  defects 
containing  a  single  carbon  atom.  In  implanted  Sii-xGcx  samples  that  contain  15  to  50  %  Ge  a 
number  of  modes  are  observed  in  a  frequency  range  from  -510  to  -610  cm'',  i.e.,  in  the  range  of  Cs  in 
Ge  and  in  Si.  From  the  experimental  findings  it  is  concluded  that  substitutional  carbon  in  Sii-xGex 
binds  to  both  Si  and  Ge. 


Introduction 

Carbon  is  an  important  impurity  in  Si  and  it  forms  a  range  of  complexes  [1]  among  which  Cs  is  the 
most  prominent  [2,3].  This  defect  has  tetrahedral  symmetry  and  gives  rise  to  a  single  three- 
dimensional  local  vibrational  mode  (T2  mode)  at  607  cm''  [2].  Cs  is  also  expected  to  exist  in  crystalline 
Ge  due  to  the  similar  ehemical  properties  of  Si  and  Ge.  However,  the  lengths  of  C-C  and  Ge-Ge  bonds 
differ  by  2.09  A.  This  implies  that  a  considerable  strain  field  will  be  introduced  around  Cs  in  Ge  and, 
therefore,  the  defect  may  be  unstable.  Sii-x-yGcxCy  layers  of  arbitrary  thickness  and  low  dislocation 
density  can  be  grown  on  pure  Si  [4,5]  in  contrast  to  Sij-xGcx  layers  [6].  The  reason  is  that  the  carbon 
atoms  compensate  the  4  %  mismatch  between  the  Si  and  Ge  lattice  constants.  This  makes  Cs  an 
interesting  and  important  defect  in  Sii-xGcx  compounds.  So  far,  only  the  Si-C  mode  at  607  cm'  has 
been  observed  in  sueh  materials  and  it  remains  unknown  whether  Ge-C  bonds  are  formed  [4,5,7]. 

In  the  present  work,  Cs  in  Ge  and  in  Sii-xGex  are  identified  experimentally. 


Experimental 

Samples  cut  from  single-crystalline  float-zone  Ge  or  relaxed  epitaxial  MBE-grown  Sii-xGex  [8,9]  were 
implanted  with  '^C*'  or  '^C''.  The  implantations  were  carried  out  at  room  temperature  with  17  energies 
in  the  range  from  50  to  450  keV.  The  dose  implanted  at  each  energy  was  adjusted  to  yield  a  nearly 
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uniform  depth  profile  (3  x  10  cm'  in  Ge  and  1  X  10  cm"  in  Sii-xGex)  extending  from  0.1  to  0.8 
pm  below  the  surface  in  Ge  and  from  0.1  to  1.0  pm  in  Sij.^Gex.  The  beam  was  swept  vertically  and 
horizontally  to  ensure  a  homogeneously  lateral  distribution.  The  surfaces  of  the  samples  used  for 
channeling  measurements  were  perpendicular  to  a  <100>,  a  <110>,  or  a  <11 1>  crystal  axis.  The 
infrared  absorption  measurements  were  carried  out  at  8  K  and  a  resolution  of  ~4  cm"'  with  a  Nicolet, 
System  800,  Fourier-transform  spectrometer.  The  channeling  measurements  on  Ge  samples  were 
carried  out  with  a  1300  keV  deuteron  beam.  The  implanted  atoms  were  probed  by  means  of  the 
nuclear  reaction  '^C(d,p)'^C  detecting  the  3.25  MeV  protons.  Further  details  of  the  channeling 
technique  and  the  experimental  setup  are  given  in  Ref.  [10,1 1,12]. 


Theoretical  calculations 

The  stmcture  and  the  local  vibrational  mode  frequencies  of  Cs  in  Ge  were  calculated  using  ab-initio 
local  density  functional  cluster  theory  on  71-  and  131-atom  tetrahedral  clusters,  Ge3.5H35  and  GeviHeo, 
where  the  central  Ge  atom  was  replaced  by  carbon  and  the  dangling  bonds  on  the  surface  of  the  cluster 
were  terminated  by  hydrogen.  Further  details  of  the  method  are  given  in  Ref.  [12,13].  The  71-  and 
131-atom  clusters  yielded  almost  identical  structures,  with  the  Ge-C  bond  lengths  within  1.3  %  of  each 
other.  The  results  for  the  131-atom  cluster  are  given  below. 

The  energy  minimization  results  in  a  configuration  where  Cs  exerts  a  large  tensile  strain  on  the 
surrounding  atoms.  The  Ge-C  bond  lengths  are  2.046  A,  18  %  shorter  than  the  bulk  Ge-Ge  bond 
length  of  2.407  A.  As  a  result  of  this,  the  Ge-Ge  back  bonds  are  increased  in  length  by  1.6  %  to  2.447 
A.  The  highest  vibrational  mode  frequency  is  516  cm'',  well  above  the  Raman  frequency  at  304  cm'  . 
This  mode  is  triply  degenerate  (T2)  and  involves  the  vibration  of  the  carbon  atom,  and  to  a  much  lesser 
extent,  its  four  neighbors.  The  frequency  of  the  mode  drops  by  19  cm''  when  '^C  is  substituted  with 
'^C. 


Results  and  discussion 


Cs  in  Ge.  After  implantation  of  '^C^ 


Wavenumber  (cm'') 
Figure  1.  Absorbance  spectra  mea¬ 
sured  at  9  K  on  Ge  samples  annea¬ 
led  at  450  ‘’C  after  implantation 
with  '^C^,  '^C^,  or  equal  doses  of 
both  isotopes. 


in  Ge  and  subsequent  annealing  at  450  °C,  a  single  sharp 
absorption  line  is  observed  at  531  cm''  (see  Fig.  1).  The  line 
shifts  down  to  512  cm  '  when  '^C  is  substituted  by  '‘^C.  The 
frequency  ratio  is  1.037,  i.e.  very  close  to  ■^\3I\2  .  This 
establishes  that  the  line  represents  a  local  vibrational  mode 
of  carbon.  No  additional  modes  appear  after  co-implantation 
of  '^C''  and  '^C^  into  overlapping  profiles.  Thus,  the  531 
cm''  mode  originates  from  a  defect  containing  a  single 
carbon  atom. 

The  angular  distributions  of  proton  and  deuteron  yields 
around  the  three  major  axes  are  shown  in  Fig.  2.  For  all  three 
axes,  there  is  a  dip  in  the  proton  yield  when  the  beam  is 
aligned  with  the  axis.  The  widths  of  the  dips  are  close  to 
those  for  backscattered  deuterons,  but  the  normalized 
minimum  yields  for  the  protons  are  much  higher  than  those 
for  the  deuterons.  Only  a  substitutional  site  or  near- 
substitutional  sites  are  consistent  with  broad  dips  in  yield  for 
all  three  major  axes  [14].  A  significant  fraction  of  the  carbon 
atoms  is  consequently  located  at  substitutional  or  near- 
substitutional  sites.  The  solid  lines  through  the  datapoints  in 
the  figure  represent  the  best  fit  to  the  data.  In  this  analysis, 
the  yield  curves  for  Cs  have  been  assumed  equal  to  the  host 
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Intensity  of  the  531  cm'^  line 


Tilt  angle  (degrees) 

Figure  2.  Angular  distributions  of  normalized  yield 
measured  around  the  <100>,  <110>,  and  <11 1> 
axes  after  annealing  at  450  “C.  The  best  fit  (solid 
line)  is  obtained  with  31  ±3  %  carbon  at 

substitutional  sites,  while  the  remaining  carbon 
atoms  are  randomly  located.  The  fit  is  obtained 
using  the  host  curve  data  (•)  to  approximate  the 
curve  for  Cs.  Typical  statistical  uncertainties  are 
indicated. 


Figure  3.  The  population  of  carbon 
atoms  at  substitutional  sites  is  shown 
as  a  function  the  intensity  of  the  53 1 
cm'  line.  The  channeling  and 
infrared  absorption  measurements 
were  carried  out  on  the  same  sample 
after  isochronal  annealing  at  several 
temperatures.  The  data  shown  were 
measured  after  annealing  at  tempera¬ 
tures  in  the  range  from  450  to  700 
“C. 


dips  in  yield  of  backscattered  deuterons.  The  fit  corresponds  to  31+3  %  of  the  carbon  atoms  located  at 
substitutional  sites  while  the  remaining  69+3  %  are  located  randomly. 

Channeling  and  infrared  absorption  measurements  were  carried  out  on  the  same  sample  after 
isochronal  annealing  at  several  temperatures,  starting  at  350  °C  and  moving  up  to  700  °C  in  steps  of 
~50  °C.  The  531  cm  '  mode  begins  to  appear  at  350  °C  and  reaches  maximum  intensity  at  450  “C. 
Annealing  at  a  higher  temperature  leads  to  a  decrease  in  the  intensity,  and  eventually  at  700  “C,  the 
mode  has  disappeared.  It  was  not  possible  to  carry  out  channeling  measurements  when  the  annealing 
temperature  was  below  450  “C  due  to  insufficient  recrystallization,  so  the  channeling  measurements 
were  carried  out  at  and  above  450  °C.  The  population  of  the  substitutional  site  has  been  determined 
quantitatively  as  a  function  of  annealing  temperature.  It  is  maximal  at  450  "C  and  decreases  at  higher 
temperatures  and  subsequently  at  700  “C  it  is  gone.  The  result  of  the  analysis  of  the  two  sets  of  data  is 
shown  in  Fig.  3  where  the  population  of  the  substitutional  sites  is  shown  as  a  function  of  the  intensity 
of  the  531  cm  '  mode.  It  is  evident  from  Fig.  3  that  the  annealing  of  the  531  cm''  mode  occurs  parallel 
to  the  depopulation  of  the  substitutional  site,  thus,  the  531  cm''  mode  originates  from  a  defect 
involving  a  single  substitutional  carbon  atom. 

The  concentrations  of  Cs  in  our  samples  are  -10^"  cm'^,  and  are  thus  orders  of  magnitude  higher  than 
that  of  any  other  impurity.  Therefore,  the  involvement  of  other  impurities  can  be  disregarded.  The 
same  argument  cannot  be  used  to  mle  out  the  involvement  of  intrinsic  defects  in  the  stracture. 
However,  it  is  hard  to  imagine  that  a  carbon  atom  interacting  with  a  vacancy-type  or  interstitial-type 
defect  would  be  located  exactly  at  a  substitutional  site.  Moreover,  the  symmetry  of  such  a  defect  would 
be  lower  than  tetrahedral  in  which  case  at  least  two  carbon  modes  should  be  expected,  but  only  one  is 
observed.  On  this  basis,  we  identify  the  531  cm''  mode  as  the  triply  degenerate  T2  mode  of  isolated  Cs 
in  Ge. 

The  ab-initio  calculations  provide  further  support  for  our  identification.  The  calculated  frequency  of 
the  local  vibrational  mode  of  Cs  is  516  cm'',  well  within  the  100  cm''  limit,  which  is  typical  of  the 
method.  Furthermore,  when  '^C  is  substituted  with  '^C  the  calculated  mode  drops  by  19  cm'  ,  which 
compares  extremely  well  with  the  experimental  reduction. 

Cs  in  Sii-xGcx.  Infrared  absorption  measurements  were  carried  out  on  a  Sio.65Geo.35  sample  implanted 
with  '^C^  after  isochronal  annealing  at  several  temperatures,  starting  at  300  “C  and  moving  up  to  900 
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°C  in  steps  of  ~50  °C.  Two  broad  absorption  lines  at  -551  and  -592  cm"'  appear  at  550  °C.  The  total 
intensity  of  the  lines  is  constant  until  800  °C,  where  the  intensity  starts  to  decrease,  and  at  900  °C  the 
lines  have  disappeared.  A  selection  of  the  absorbance  spectrum  of  a  Sio.esGeo.ss  sample  iriylanted  with 
is  shown  in  Fig.  4  after  annealing  at  700  “C.  Li  a  Sio,65Geo.35  sample  implanted  with  *  a  similar 
couple  of  lines  are  observed  a  factor  of  1.03  lower  in  frequency.  Therefore,  the  lines  represent  local 
vibrational  modes  of  carbon.  In  a  Sio.65Geo.35  sample  containing  equal  amounts  of  and  a  very 
broad  line  is  observed.  However,  after  subtraction  of  the  absorption  originating  from  the  isotopic  pure 
configurations,  no  additional  modes  appear  (see  Fig.  4).  Thus,  the  modes  originate  from  defects,  which 
contain  a  single  carbon  atom. 

The  carbon  related  modes  in  Sii-xGex  (0  <  x  <  1)  depend  on  the  Ge  concentration.  Fig.  5  shows  C- 
related  modes  in  pure  Si,  in  pure  Ge,  and  in  Sii-xGex  after  annealing  at  750  °C  [15].  The  single  T2 
mode  of  Cs  observed  in  pure  Si  broadens  and  shifts  downwards  when  the  Ge  concentration  of  the 
samples  are  increased  from  0  to  50  %.  Moreover,  additional  carbon-related  modes  are  observed  in 
samples  containing  Si  and  Ge.  One  mode  is  at  a  higher  frequency  than  the  T2  mode  of  Cs  in  Si.  This 
mode  is  observed  at  -600  cm"'  in  the  Sio.85Geo.15  sample  and  shifts  down  to  -585  cm‘  in  the  Sio.sGeo.s 
sample.  A  second  mode  is  on  the  low-frequency  side  of  the  T2  mode  of  Cs  in  Si.  This  mode  shifts 
down  from  -542  to  -525  cm"'  when  the  Ge  concentration  is  increased  from  1 5  to  50  %.  Finally,  a  low- 


Figure  4.  Absorbance  spectra  measured  on 
Sio.65Geo.35  samples  annealed  at  700  “C  after 
implantation  with  *^C^,  *^C^,  and  co¬ 

implantation  with  equal  doses  of  each  isotope. 
The  spectrum  at  the  bottom  is  a  result  of 
subtraction  of  the  absorption  originating  from 
the  isotopic  pure  samples  from  the  absorption 
originating  from  the  co-implanted  sample. 


Figure  5.  Absorbance  spectra  measured 
on  '^C^-implanted  Sii-xGex  samples 
(0<x<l)  after  aimealing  at  750  °C.  The 
absorbance  spectrum  for  the  Ge  sample  is 
measured  after  annealing  at  550  °C. 


Materials  Science  Forum  Vols.  258-263 


101 


intensity  peak  is  observed  at  -522  and  at  -514  cm''  in  Sio.65Geo.35  and  in  Sio.5Geo.5,  respectively.  The 
intensity  of  the  carbon-related  modes  varies  as  a  function  of  the  Ge  concentration.  The  intensity  of  the 
Si-C  related  T2  mode  decreases,  while  the  other  modes  gain  intensity  when  the  Ge  concentration 
increases  from  0  to  50  %. 

In  order  to  qualitatively  understand  how  the  carbon-related  modes  depend  on  the  Ge  concentration,  we 
will  focus  on  the  Sio.85Geo.15  sample,  where  three  carbon-related  modes  are  resolved  (see  Fig.  5).  In 
this  sample,  two  Cs  defects  are  expected  to  prevail,  Cs  surrounded  by  four  Si  atoms,  denoted  SUiC,  and 
Cs  surrounded  by  three  Si  and  one  Ge  atom,  denoted  Si3Ge:C.  The  former  defect  gives  rise  to  a  single 
T2  mode,  while  the  latter  has  Csv  symmetry  and  gives  rise  to  two  carbon-related  modes,  a  Si-C  mode 
(E)  and  a  Ge-C  mode  (Ai).  Thus  the  542  cm  '  mode  is  a  Ai  mode.  From  the  spectra,  it  seems  like  the 
582  cm''  mode  is  a  T2  mode  and,  therefore,  the  600  cm''  mode  is  a  E  mode.  This  assignment  seems 
reasonable  as  the  Si-C  bonds  are  longer  (i.e.  the  frequency  is  lower)  in  the  Si4:C  defect  than  in  the 
SisGeiC  defect  where  the  long  Ge-C  bond  will  cause  a  shortening  of  the  Si-C  bonds  [16].  The  same 
modes  are  expected  for  the  Sio.75Geo.25  sample.  However,  the  intensity  of  the  E  and  Ai  modes  will 
increase  as  the  SisGeiC  defect  will  be  more  probable  in  a  sample  with  25  %  Ge  compared  with  a 
sample  with  15  %  Ge,  in  agreement  with  the  experimental  observations  (see  Fig.  5).  In  the  Sio.65Geo.35 
sample  three  defects  will  prevail;  Si4:C,  Si3Ge:C,  and  Si2Ge2:C.  The  latter  defect  has  C2v  symmetry 
and  gives  rise  to  three  carbon-related  modes,  one  Si-C  mode  (Bi),  one  Ge-C  mode  (B2),  and  one 
Si/Ge-C  mode  (Ai).  Therefore,  six  modes  are  expected  in  all,  three  Si-C,  two  Ge-C,  and  a  mixed 
Si/Ge-C  mode.  In  Fig.  5  only  four  modes  are  resolved,  two  high-  and  two  low-frequency  modes,  but 
the  high  frequency  modes  are  very  broad,  indicating  that  they  originate  from  a  superposition  of  a 
number  of  sharper  modes.  An  assignment  of  the  modes  is  therefore  not  possible,  but  is  seems 
reasonable  that  the  two  low-frequency  modes  are  Ge-C  modes,  while  the  two  broad  high-frequency 
modes  are  Si-C  and  Si/Ge-C  modes. 

The  general  trend  seen  on  the  spectra  in  Fig.  5  is  that  all  modes  shift  downwards  when  the  Ge 
concentration  is  increased  from  15  to  50  %.  This  may  be  explained  by  the  fact  that  the  lattice  constant 
increases  as  a  function  of  the  Ge  concentration,  as  the  lattice  constant  of  Ge  is  4  %  larger  than  that  of 
Si.  When  the  lattice  constant  increases  the  Si-C  and  Ge-C  bonds  are  extended,  i.e.,  the  frequency  is 
lowered,  in  agreement  with  the  observations.  ^ 

Summarizing,  the  absorption  lines  observed  in  the  frequency  range  from  -510  to  -610  cm"  in  C 
implanted  Sii-xGex  samples  are  identified  as  local  vibrational  modes  of  defects  involving  a  single 
carbon  atom.  The  modes  are  found  in  the  range  of  Cs  in  pure  Ge  and  in  pure  Si,  and  a  simple  model 
where  it  is  assumed  that  the  modes  originate  from  Cs  bound  to  four  atoms  (Si  and  Ge)  can  qualitatively 
account  for  the  experimental  data 


Conclusion 

The  Cs  defect  in  Ge  has  been  identified  by  a  combination  of  infrared  absorption  spectroscopy,  ion 
channeling  and  ab-initio  theory.  The  defect  is  observed  after  carbon  implantation  and  subsequent 
annealing  above  350  "C  and  it  possesses  a  local  vibrational  T2  stretch  mode  at  531  cm'  .  The 
calculated  frequency  is  in  good  agreement  with  the  observed  frequency  and  the  calculated  isotope  shift 
is  in  excellent  agreement  with  our  observations. 

On  basis  of  the  identification  of  Cs  in  Si  [2]  and  in  Ge,  the  same  defect  is  identified  in  Sii-xGex,  where 
it  is  found  that  carbon  binds  to  both  Si  and  Ge. 
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Abstract 

The  germanium  content  dependence  of  the  low  temperature  infrared  absorption  due  to  interstitial 
oxygen  in  bulk  crystalline  Sii-xGex  has  been  investigated  for  0.024  <  x  <  0.066.  The  appearance  of 
new  components  in  the  1130  cm'*  band  as  well  as  the  shift  to  lower  wavenumbers  is  explained  as  an 
effect  of  the  perturbation  of  Si-O-Si  centres  by  Ge  neighbours  at  different  distances,  in  agreement 
with  an  earlier  study  applying  to  lower  x-values  (H.  Yamada-Kaneta  et  al.,  Phys.  Rev.  B47,  9338 
(1993)).  Calculations  show  that  in  the  x-range  presently  considered  the  relative  occurrence  of 
different  centres  becomes  strongly  dependent  on  the  distribution  of  the  Ge  atoms  and  a  good 
agreement  with  the  experimental  data  at  5  to  53K  is  obtained  for  the  case  of  a  random  distribution. 
Observations  concerning  the  1206  cm'*  and  1748  cm'*  absorption  are  also  briefly  described. 

1.  Introduction 

In  silicon  and  germanium  dispersed  oxygen  impurities  occupy  interstitial  sites  (Oj).  The  defect  gives 
rise  to  a  characteristic  vibrational  absorption  band  in  the  mid-infrared  range,  situated  at  1107  cm'*  in 
silicon  and  at  855  cm'*  in  germanium  (room  temperature  values),  which  has  been  attributed  to  the 
anti-symmetric  stretching  mode  V3  of  a  Si-O-Si  or  Ge-O-Ge  quasimolecule  (the  A2u-mode  in  Dsd 
symmetry).  At  liquid  helium  temperatures  (LHeT)  the  bands  resolve  into  a  number  of  narrow  lines 
in  agreement  with  the  isotopic  abundance  of  nearest  Si  or  Ge  neighbours  [1,2];  additional  structure 
which  depends  on  the  temperature  originates  from  the  two-dimensional  motion  of  the  oxygen 
perpendicularly  to  the  (111)  defect  axis  (hot  transition)  and  is  for  both  semiconductors  well 
explained  by  the  anharmonic  coupling  model  worked  out  by  Yamada-Kaneta  et  al.  [3-5]. 

A  number  of  cases  intermediate  between  the  two  defects  above  may  be  expected  to  exist  in  oxygen 
rich  Si-Ge  alloys,  depending  on  the  position  of  the  oxygen  with  respect  to  neighbouring  Si  and  Ge 
atoms;  among  these,  oxygens  bonded  to  one  Si  and  one  Ge  would  probably  be  the  most  promising 
for  a  study  using  infrared  spectroscopy. 

In  [4]  Yamada-Kaneta  et  al.  investigated  the  infrared  spectrum  of  Oi  in  Sii-xGCx  for  small  x  values  up 
to  0.0134.  New  components  were  observed  in  the  1130  cm'*  band  (and  also  in  the  1206  cm'*  and 
30  cm'*  bands)  which  were  attributed  to  Si-O-Si  perturbed  by  Ge  atoms  at  neighbouring  sites.  The 
present  paper  deals  with  a  similar  study  for  x-values  between  0.024  and  0.066.  At  this  higher  Ge 
contents  the  kind  of  distribution  of  the  Ge  atoms  in  the  silicon  matrix  is  expected  to  become 
important  with  respect  to  the  occurrence  of  different  Oj  centres  as  would  be  reflected  in  the  relative 
weight  of  spectral  components;  we  also  hoped  for  an  increasing  chance  to  detect  absorption  from 
Si-O-Ge  species. 

2.  Experimental 

The  four  Sii-xGex  samples  used  in  this  study  were  cut  from  Czochralski-grown  Si-Ge  crystals  with 
different  nominal  Ge  concentration.  The  x-values  of  the  samples  as  calculated  from  mass-density 
measurements  taking  account  of  the  variation  of  average  bond  length  with  x,  were  0.024,  0.039, 
0.059,  0.066  respectively,  with  an  estimated  uncertainty  of  0.001  and  in  fair  agreement  with  XPS 
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reference  measurements.  The  samples  with 
the  two  lowest  x-values  were  singly 
crystalline,  the  other  two  polycrystalline. 

The  infrared  transmission  measurements  were 
made  with  a  FT-IR  instrument  equipped  with 
a  LHe  cryostat.  The  Oi  concentration  was 
determined  from  the  magnitude  of  the  1130 
cm"*  absorption  band  at  room  temperature 
using  the  IOC-88  calibration  factor  of 
3.14x10*’  cm"’  [6]  (since  the  width  of  this 
band  was  found  to  decrease  slightly  with 
increasing  x,  the  integrated  absorption  was 
used  rather  than  the  amplitude).  The  Oi 
concentration  of  all  four  samples  was  found 
to  lie  within  the  range  of  (4  to  5)x  10*’  at/cm’. 
In  all  samples  most  absorption  which  can  be 
assigned  to  oxygen  is  found  in  a  band  around 
1130  cm"*  (LHeT)  as  shown  in  the  spectra  of 
Fig.  1 .  In  this  figure  the  absorption  of  a  Cz-Si 
sample  (x  =  0)  has  been  included  for 
comparison.  With  x  increasing  the  peak 
located  at  1136.4  cm"*  for  x  =  0  gradually 
decreases  in  amplitude  while  shifting  to  lower 
wavenumbers;  for  x  =  0.059  and  0.066  it  is 
present  as  a  shoulder  to  the  left  side  of 
the  band.  Simultaneously  new  absorption 
develops  at  the  lower  wavenumber  side;  as 
will  be  discussed  in  section  4,  this  absorption 
originates  from  two  distinct  components  at 
about  1127  and  1118  cm"*.  The  observations 
being  very  similar  to  those  in  [4]  for  lower  x, 
we  have  adopted  the  same  labels  for  the 
components,  i.e.  Oi-I  for  the  shifted  peak  and 
Oi-II  and  Oi-III  for  the  components  at  lower 
wavenumbers.  Despite  the  higher  x-values 


1140  1130  1120  1110 

wavenumber  (cm’’) 


Figure  1.  Germanium  content  dependence  of  the 
1130  cm"*  absorption  due  to  interstitial  oxygen  in 
SinGe* ,  measured  at  5K  and  corrected  for  lattice 
absorption.  Resolution  =  0.5  cm'*.  The  absorption 
of  the  different  samples  has  been  scaled  to  the 
same  oxygen  concentration. 


used  in  the  present  study  no  V3  bands  of  Oi 

could  be  traced  which  may  originate  from  centres  involving  a  Ge-0  bond.  Calculation  of  the  V3 
frequency  of  a  Si-O-Ge  quasimolecule  using  the  change  in  reduced  mass  with  respect  to  Oi  in  silicon 
and  germanium,  yields  an  estimated  intermediate  value  somewhere  around  1000  cm'*,  much  lower 
than  the  components  of  the  1130  cm'*  band.  This  seems  to  confirm  the  assumption  in  [4]  that 
formation  of  direct  Ge-0  bonds  in  Sii-xGCx  would  be  energetically  unfavourable.  Besides  the 
1130  cm'*  band,  Oi  related  lines  at  1206  and  1748  cm'*  (values  in  silicon)  were  also  observable  in  the 


Si-Ge  samples.  Their  evolution  with  x  will  be  discussed  in  section  5. 


3.  Distribution  of  the  Ge  atoms  and  relative  weight  of  Orcentres 

In  the  paper  by  Yamada-Kaneta  et  al.  [4]  the  Oi-III  and  Oi-II  components  of  the  1 130  cm'*  band  are 
regarded  as  V3  lines  from  Si-O-Si  centres  shifted  to  lower  wavenumber  as  a  result  of  the  perturbative 
action  of  a  Ge  impurity  at  respectively  a  second  nearest  and  a  third  nearest  neighbouring  site  with 
respect  to  the  oxygen.  The  Oi-I  line  which  remains  closer  to  the  V3  position  in  silicon  was  assigned 
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Figure  2.  Calculated  relative 
occurrence  of  0|-i,  Orll  and 
Oi-lll  centres  in  Sii-xCBe*  with 
increasing  Ge  content  for  the 
case  of  homogeneously 
distributed  (dashed  lines)  and 
randomly  distributed  Ge  atoms 
(full  lines). 


to  all  other  (less  perturbed)  Oi  centres  with  Ge  at  longer  distances.  With  these  assignments  the 
relative  importance  of  the  spectral  components  were  found  to  agree  with  the  calculated  relative 
occurrence  of  the  three  kinds  of  centres  considered,  assuming  the  Ge  impurities  are  distributed 
homogeneously  in  the  silicon  matrix.  However,  when  a  similar  calculation  is  made  for  the  higher  x 
values  of  our  samples,  no  agreement  can  be  found  with  the  relative  weight  of  the  components  in  the 
spectra  of  Fig.  1,  the  Oi-I  peak  e.g.  being  predicted  to  disappear  much  faster  than  observed.  This  is 
most  probably  an  effect  of  a  more  complex  distribution  of  Ge  which  becomes  more  apparent  at 
higher  x-values. 

Disregarding  possible  segregation  (clustering)  of  Ge,  the  alternative  for  an  equal  spacing  of  Ge 
atoms  (known  as  chemical  or  binary  ordering)  is  a  distribution  at  random.  To  calculate  the  fraction 
of  different  Oi  centres  in  case  of  a  random  distribution  of  Ge  we  use  the  following  procedure.  A 
silicon  cell  of  512  atoms  is  defined  with  a  fi'action  x  of  the  Si  atoms  (chosen  at  random  in  the  cell) 
substituted  with  Ge.  This  supercell  is  surrounded  with  identical  copies  in  order  to  correctly  define 
the  surrounding  of  atoms  at  the  edges  of  the  central  cell.  The  different  Oj  centres  are  counted  by  an 
algorithm  checking  each  of  the  Si-Si  bonds  in  the  cell  and  finding  the  position  of  the  Ge  atom 
nearest  to  the  bond  centre.  The  whole  procedure  is  repeated  with  the  Ge  atoms  randomised  again, 
until  a  statistical  average  is  obtained.  The  result  of  the  calculation  is  plotted  in  Fig. 2  (full  lines) 
where  it  may  be  compared  with  the  corresponding  result  for  a  uniform  distribution  (dashed  lines).  It 
is  e.g.  clearly  seen  that  for  a  uniform  distribution  the  Oi-I  centres  disappear  near  x  =  0.05  while  for  a 
random  distribution  a  much  slower  decrease  is  predicted  in  agreement  with  the  experiments.  At  the 
lowest  x-values  however  the  calculated  fractions  are  less  model  dependent,  explaining  why  in  [4]  a 
good  agreement  with  the  experiment  is  obtained  assuming  a  uniform  distribution. 


4.  Deconvolution  of  the  1130  cm  *  absorption  band 

The  calculated  results  for  the  case  of  randomly  distributed  Ge  makes  it  possible  to  decompose  the 
LHeT  1130  cm"^  band  consistently  for  all  samples.  Since  in  the  model  the  Oi-II  and  Oi-III  species 
are  singly  defined  centres,  the  fitting  procedure  starts  from  the  assumption  that  the  wavenumber 
position  of  the  respective  components  should  remain  nearly  unchanged  for  different  values  of  x, 
while  the  ratio  of  their  integrated  absorption  to  the  total  absorption  in  the  band  equals  the  calculated 
fi'action  at  the  corresponding  x-value.  The  line  form  was  similar  to  the  x  =  0  spectrum 
(including  the  isotopic  fine  structure),  broadened  to  a  width  yielding  the  best  fit.  Subtraction  of 
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Figure  3.  Decomposition  of  the  1130  cm  ’  absorption  band  (T  =  5K)  due  to  interstitial  oxygen 
in  SinGCx.  Resolution  =  0.5  cm  ’.  Oi  concentration  in  units  10’'  at/cm^ :  (a) :  4.97  , 
(b):4.90  ,(c):4.15  ,  (d) :  4.54 

the  fitted  Oj-III  and  Oj-II  components  from  the  total  absorption  yields  the  Oi-I  component.  The 
results  of  the  fitting  procedure  are  shown  in  Fig.3.  Oi-II  and  Oi-III  components  are  found  at  about 
1 127  and  at  1 1 18.5  cm"’  with  slight  variations  in  line  width.  The  Oi-I  component  however  is  found 
to  gradually  shift  to  lower  wavenumbers  while  its  detailed  structure  is  lost;  the  shift  of  the  Oi-I 
maximum  is  also  displayed  in  Fig.4.  It  is  interesting  to  note  that  using  the  same  procedure  we 
succeeded  to  fit  the  x  =  0.0134  spectrum  of  [4]  consistently  to  the  above  results  and  it  may  be  seen 
that  the  corresponding  Oi-I  maximum  fits  nicely  into  the  sequence  of  Fig.4. 
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Figure  4.  Shift  of  the  peak  maximum  of 
the  Oi-I  component  in  the  1130  cm'^  and 
1206  cm"'  absorption  bands  in  Sii-xG^x 
as  a  function  of  germanium  content,  with 
respect  to  the  peak  maximum  in  silicon 
(LHeT). 

■  :  this  study 

▲ :  Yamada-Kaneta  et  ai.  [4] 


0  1  2  3  4  5  6  7 

Ge-concentration  (%} 


The  changes  in  the  Oi-I  spectrum  may  be  readily  explained  by  considering  that  this  spectrum  is  in 
fact  the  resultant  of  overlapping  components  due  to  all  the  remaining  Oi  centres  for  which  the 
nearest  Ge  atom  is  further  away  than  a  third  nearest  neighbour.  Within  this  set  the  average  distance 
from  a  Ge  will  however  also  decrease  with  x  increasing  and  the  somewhat  more  perturbed  centres 
will  rapidly  prevail  over  the  less  perturbed  ones.  This  is  confirmed  by  a  more  refined  version  of  the 
calculation  program  where  up  to  nine  distinct  Oi  centres  were  defined;  these  results  will  be 
published  elsewhere. 

In  addition  to  the  LHeT  experiments  all  samples  have  also  been  measured  at  a  series  of  more 
elevated  temperatures  up  to  53K.  As  in  silicon  this  leads  to  additional  absorption  in  the 
1110-1130  cm’'  range  originating  from  “hot  transitions”  involving  higher  levels  in  the  ladder  of 
two-dimensional  oscillator  states  (in  particular  the  1st  and  2nd  hot  transitions  starting  at  the 
1 0,±1,0)  and  1 0,±2,0)  coupled  states  in  the  notation  used  in  [3]).  The  spectra  were  successfiilly 
decomposed  by  the  same  fitting  procedure  as  for  the  LHeT  components.  In  the  1st  hot  transition 
spectrum,  components  were  found  at  1116.5  and  1122  cm’’  for  Oj-IH  and  Oj-II  and  a  Oi-I 
component  shifting  with  increasing  x  from  1128  to  1127  cm"'.  More  details  about  the  spectra  at 
elevated  temperature  will  be  published  elsewhere. 

5.  Other  absorption  bands  of  Oi  in  Sii-iGci 

The  most  obvious  effect  on  the  1206  cm'*  band  (LHeT)  is  the  drastic  decrease  of  the  integrated 
absorption  with  increasing  x,  in  contrast  to  the  1130  cm'*  band  where  no  significant  variation  was 
observed.  This  reduction,  which  was  also  reported  in  [4]  and  may  be  attributed  to  a  smaller 
oscillator  strenght  for  the  perturbed  centres,  is  in  the  present  case  seen  to  continue  for  higher  x  until 
only  about  30%  of  the  absorption  in  silicon  remains  at  x  =  0.066.  We  also  confirm  the  presence  of  a 
component  developing  at  about  1213  cm'*  assigned  to  Oj-II.  Using  the  relative  weights  from  the 
random  model  we  estimate  the  oscillator  strenght  of  Oj-II  at  (16  ±  7)%  of  that  of  Oj-I,  which  is 
within  the  range  mentioned  in  [4]  and  close  to  the  theoretically  calculated  value  in  the  same  paper. 
The  Oj-I  component  is  again  observed  to  shift  with  increasing  x,  however  towards  higher 
wavenumbers.  The  positions  of  Oj-I  maxima  are  plotted  in  Fig.4  where  they  may  be  compared  with 
those  of  the  1 130  cm'*  band.  Again  the  result  from  [4]  fits  into  the  sequence. 

A  weak  band  corresponding  with  the  1748  cm'*  band  in  silicon  [7]  could  also  be  detected  in  the 
Sii-xGex  samples  which  regarding  the  poor  signal-to-noise  ratio  can  only  be  described  in  a  qualitative 
manner.  The  overall  absorption  in  the  band  is  clearly  displaced  to  lower  wavenumbers  with  x 
increasing;  this  displacement  seems  however  faster  than  in  the  case  of  the  1 130  cm'*  band.  No 
change  in  integrated  absorption  could  be  observed. 
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6.  Conclusions 

In  the  present  study  experimental  results  have  been  obtained  which  are  in  good  general  agreement 
with  similar  results  presented  by  Yamada-Kaneta  et  al.  [4]  and  they  seem  to  confirm  the  basic  ideas 
concerning  the  origin  of  the  Oi-related  absorption  in  silicon-rich  Si-Ge  developed  by  the  latter 
authors. 

In  order  to  explain  the  detailed  behaviour  of  the  absorption  at  the  higher  Ge  concentrations  used  in 
our  investigation,  we  found  it  however  necessary  to  accept  a  random  distribution  of  Ge  atoms  in  the 
silicon  matrix.  With  this  assumption  it  was  possible  to  fit  consistently  the  changes  of  the  1130  cm 
absorption  at  different  Ge  contents  and  temperatures,  to  the  calculated  relative  concentrations  of 
Si-O-Si  centres  perturbed  by  more  or  less  distant  Ge  neighbours.  The  different  analysis  as 
compared  to  [4]  leads  to  somewhat  different  peak  positions  of  assigned  spectral  components,  with 
possible  implications  for  the  corresponding  energy  level  diagrams.  This  is  e.g.  the  case  for  the  “hot 
transition”  lines  which  we  separated  from  the  “cold  transition”  spectrum  by  subtracting  an 
appropriate  fraction  of  the  latter  from  the  spectra  at  elevated  temperatures,  a  procedure  considered 
to  better  avoid  introduction  of  “false”  components. 

So  far  only  the  nearest  Ge  position  was  taken  into  account  for  the  definition  of  the  different  Oi 
species,  neglecting  possible  additional  perturbation  by  other  Ge  atoms  nearby.  Although  a  further 
differentiation  of  this  kind  seems  difficult  to  include  in  the  analysis,  similar  complexities  may  explain 
at  least  part  of  the  broadening  of  the  Oi-H  and  Oi-III  lines.  Most  needed  seems  however  to 
elucidate  the  physical  origin  of  the  perturbation  of  oxygen  centres  by  Ge  atoms  which  gives  rise  to 
the  line  shifts. 
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ABSTRACT  We  have  investigated  Ge-rich  GeuxSii  bulk  crystals  with  Si  concentrations  up  to  12% 
by  photoluminescence,  infrared  absorption,  and  Raman  spectroscopy.  The  full  widths  at  half 
maximum  values  between  2  meV  and  5  meV  for  the  near  band  edge  luminescence  are  the  smallest 
reported  in  literature  up  to  now.  These  small  linewidths,  which  increase  with  rising  Si  content, 
demonstrate  the  excellent  sample  quaUty.  Sb  and  Te  doped  samples  show  luminescence  lines,  which 
shift  with  the  excitonic  band  edge  for  increasing  Si  concentrations.  They  are  caused  by  deeply  bound 
excitons.  The  luminescence  hnewidth  of  1..5  meV  at  2  K  is  only  about  one  half  of  the  near  band  edge 
luminescence  hnewidth.  We  compare  Raman  and  far  infrared  absoption  measurements  of  the  Ge-rich 
Gei-xSix  samples  in  the  range  of  390  cm'‘.  We  are  able  to  distinguish  between  the  local  vibrational 
mode  of  substitutional  sihcon  and  SiGe  related  phonon  modes.  These  experimental  observations  are 
confirmed  by  the  anharmonic  Keating  model.  Observation  of  the  sihcon  isotopes  proves  that  the 
absorption  is  caused  by  silicon,  and  gives  a  fingerprint  of  the  excellent  sample  quality. 

INTRODUCTION 

SiGe  offers  many  possibihties  for  electronic  and  optical  devices  like  HBTs,  MODFETs  and 
detectors.  EspeciaUy  SiGe  heterostructures  used  for  HBTs  are  of  growing  importance  for 
mainstream  apphcations  [1].  But  also  for  bulk  crystals  several  interesting  apphcations  exist,  e.g.  solar 
cells  [2],  X-ray  optics  [3],  SiGe  substrates  for  niche  markets.  Si  and  Ge  are  miscible  over  the  whole 
composition  range.  This  provides  a  good  opportunity  to  study  fundamental  ahoy  properties.  In  this 
paper,  we  investigate  ahoy  properties  reflected  in  the  bound  exciton  luminescence  of  doped  and 
nominahy  undoped  samples  and  study  the  influence  of  sihcon  incorporation  on  the  phonon  spectra  of 
the  Ge  host.  We  used  different  optical  methods,  i.e.  PL,  infrared  absorption,  and  Raman 
spectroscopy  to  investigate  Ge-rich  Gej.j^Sij^  bulk  crystals. 

EXPERIMENTAL 

The  Gei-xSix  crystals  were  grown  by  the  vertical  Bridgman  method  in  a  monoelhpsoid  mirror  furnace. 
The  crystals  have  a  diameter  of  9  mm  and  a  length  of  30-40  mm,  the  maximum  Si  concentration  is 
12%.  From  these  crystals  samples  with  a  thickness  of  0.9  to  1.5  mm  were  cut.  We  investigated 
nominally  undoped  crystals  and  intentionaUy  doped  crystals.  The  shaUow  acceptors  of  group  III  and 
shahow  donors  of  group  V,  as  weU  as  the  chalcogenes  Se  and  Te  served  as  dopants.  The 
photoluminescence  (PL)  and  absorption  measurements  were  performed  with  a  BOMEM  DA8.02 
Fourier-transform  infrared  spectrometer.  For  PL  measurements  we  excited  the  samples  with  the 
514.5  nm  line  of  an  Ar+  ion  laser.  The  luminescence  signal  was  detected  by  a  hquid  nitrogen  cooled 
Ge  detector.  The  Raman  measurements  were  performed  with  a  Dilor  triple  Raman  spectrometer  with 
a  microscope  entrance  in  backscattering  configuration.  The  scattering  was  excited  by  the  514.5  nm 
line  of  an  Ar+  ion  laser.  The  orientation  of  the  samples  is  (111),  the  incident  and  scattered  light  was 
polarized  perpendicular  to  each  other. 

DETERMINATION  OF  THE  ALLOY  COMPOSITION 

The  accurate  knowledge  of  the  alloy  composition  is  important  for  the  interpretation  of  the  optical 
spectra.  We  measured  the  lattice  constant  of  the  samples  with  the  Bond  method  [4],  which  is  a  very 
accurate  X-ray  diffraction  method.  We  calculated  the  Si  concentration  by  linear  interpolation 
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between  the  lattice  constants  of  Ge  and  Si,  which  is  valid  for  Ge-rich  samples.  Additionally,  we 
determined  the  alloy  composition  from  PL  spectra.  Weber  and  Alonso  [5]  derived  experimenta,Uy  an 
equation  which  connects  the  excitonic  band  edge  and  the  alloy  composition.  On  the  Ge-rich  side  of 
the  alloy  the  excitonic  band  edge  Eg,  varies  linear  with  the  Si  concentration  x  according  to 


Eg,  =  0.74-1.27xeV  (1) 

The  Si  concentration  can  be  determined  from  the  PL  lines  of  the  near  band  edge  bound  exciton 
emission  as  described  in  Ref.  [5].  The  Si  concentration  can  also  be  determined  from  band  edge 
absorption  measurements  at  low  temperatures.  Absorption  measurements  give  a  hint  of  the 
homogeneity  of  the  samples  with  respect  to  the  aUoy  composition.  With  a  light  spot  of  a  few 
millimeters  in  diameter  a  large  volume  of  the  sample  is  examined,  including  concentration 
fluctuations  over  the  whole  thickness.  Only  for  homogeneous  samples  a  clear  fingerprint  of  the 
absorption  thresholds  can  be  observed.  The  results  for  the  aUoy  composition  determined  by  the  Bond 
method,  PL,  and  absorption  measurements  are  in  good  agreement.  We  found  only  discrepancies  of 
less  than  0.1%  Si. 


PHOTOLUMINESCENCE  RESULTS 
Typical  PL  spectra  of  the  nominaUy 
undoped  samples  obtained  at  2  K  are 
shown  in  Fig.  1.  At  this  temperature  the 
emission  of  bound  excitons  (X)  and  the 
corresponding  phonon  replica  are 
observed.  The  full  widths  at  half 
maximum  (FWHMs)  for  the  excitonic  no¬ 
phonon  (NP)  lines  of  our  samples  are 
between  2.2  and  5  meV  (Fig.  2).  These 
values,  which  are  the  best  values  reported 
up  to  now,  show  the  excellent  crystal 
quality  of  our  samples.  The  FWHM 
increases  with  rising  Si  content  as  plotted 
in  Fig.  2  for  different  doped  and  nominally 
undoped  samples.  From  statistical 
arguments  Schubert  et  al.  [6]  derived  an 
equation  for  the  FWHM  of  bound 
excitons  AEexc  of  binary  semiconductor 
alloys  as  a  function  of  the  alloy 
composition  x.  A  purely  random 
distribution  of  the  different  alloy  elements 
is  assumed. 


AEexc  =  236  • 


dx 


x(l-x) 
yN  •  Vgxc  y 


(2) 


Energy  [meV] 

750  800  850  900 


The  factor  dE^/dx  describes  the  change  of 
the  band  gap  with  alloy  composition.  For 
Gei-xSix  dEg/dx  is  a  constant  value  on  the 
Ge-rich  side  of  the  alloy  referring  to 
equation  (1).  N  is  the  density  of  lattice 
sites  and  is  the  volume  of  an  exciton. 

The  factor  x(l-x)  describes  the  alloy  fluctuation.  We  plotted  Eq.  (2)  in  Fig  2  as  a  function  of  the  Si 
concentration,  assuming  an  excitonic  radius  of  70  A.  The  comparison  of  the  theoretical  function  with 
the  measured  values  tentatively  explains  the  increase  of  the  FWHM  with  increasing  Si  content  to  be 
caused  by  alloy  fluctuations.  Nevertheless,  more  effects  exist  which  cause  an  increase  of  the 


Fig.  1.  Near  band  edge  PL  spectra  recorded  at  2  K 
for  nominally  undoped  samples  with  different  Si 
concentrations.  X  indicates  bound  exciton,  the 
indices  specify  the  nature  of  the  participating 
phonons  (NP:  no  phonon). 
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Fig.  2.  FWHM  of  bound  exciton  NP  line 
recorded  at  2  K  as  a  function  of  the  Si 
concentration  for  different  doped  and  undoped 
samples.  The  calculation  was  made  with  use  of 
Eq.  (2). 


Fig.  3.  Relative  intensity  of  NP  to  phonon 
luminescence  recorded  at  2  K  for  different 
doped  and  undoped  samples. 


linewidth,  i.e.  internal  stress  and  crystal  defects.  An  increase  of  the  linewidth  on  the  Si-rich  side  of 
the  alloy  was  reported  by  Lyutovich  et  al.  [6],  whereas  Weber  and  Alonso  reported  a  decrease  of 
the  FWHM  on  the  Ge-rich  and  Si-rich  side  of  the  alloy  [4].  The  PL  intensity  of  the  NP  line  relative 
to  the  phonon  replica  is  shown  in  Fig.  3.  The  NP  emission  decreases  with  increasing  Si  content.  In 
Ge  the  LA  phonon  emission  is  the  strongest,  in  Si  the  TO  emission  has  the  highest  intensity.  As 
shown  in  Fig.  1,  the  TO  phonon  emissions  (TOgcGc  and  TOsiGe)  increase  with  rising  Si  content.  The 
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Fig.  4.  Deep  center  luminescence,  indicated 
by  A  for  two  Sb  doped  samples  with  different 
Si  concentrations  recorded  at  2  K. 
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Fig.  5.  PL  spectra  obtained  at  5  K  for  different 
excitation  powers.  The  spectra  with  increasing 
intensity  were  recorded  for  25  mW,  50  mW,  75 
mW,  and  100  mW. 
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stronger  phonon  coupling  with  increasing  Si  concentration  results  in  a  decrease  of  the  NP  emission 
relative  to  the  phonon  emission.  In  the  literature  it  has  been  argued  that  with  increasing  Si 
concentration  scattering  at  potential  fluctuations  within  the  range  of  the  impurity  potential  enhances 
the  probability  of  the  NP  recombination.  This  effect  is  overcompensated  by  stronger  phonon 
coupling. 

In  Sb  and  Te  doped  samples  we  observe  a  deep  center  luminescence,  about  60  meV  below  the  bound 
exciton  NP  emission.  The  shift  with  the  band  edge  (Fig.  4)  is  typical  for  a  bound  exciton.  The 
emission  consists  of  at  least  two  peaks  in  dependence  of  the  sample.  We  observe  no  phonon 
coupling.  The  FWHM  is  only  between  1.3  and  1.5  meV  (depending  on  the  sample)  compared  to  the 
Xnp  linewidth  of  3.5  meV.  Figure  5  shows  spectra  of  the  sample  with  x=0.035  obtained  at  5  K  for 
different  excitation  powers.  Two  lines,  which  are  1.5  meV  apart,  are  clearly  distinguishable.  The 
energetically  lower  line  is  indicated  by  A.  It  is  the  same  luminescence  as  observed  at  2  K  (Fig.  4),  the 
second  line  is  indicated  by  B.  With  increasing  excitation  the  intensity  of  line  A  increases  stronger 
than  line  B.  The  two  lines  correspond  to  two  different  deeply  bound  excitons.  For  the  lowest 
excitation  of  25  mW  only  weak  free  (FE)  and  bound  exciton  luminescence  is  detectable  in  addition  to 
the  defect  luminescence.  The  deeply  bound  exciton  luminescence  saturates  with  increasing  excitation 
while  the  free  and  bound  exciton  emission  increases  strongly.  The  deep  center  luminescence  is 
detectable  up  to  60  K.  Although  these  deeply  bound  exciton  emissions  have  been  found  in  Te  and  Sb 
doped  samples  no  correlation  could  be  found  with  these  dopants. 

PHONON  SPECTROSCOPY  BY  FAR  INFRARED  ABSORPTION  AND  RAMAN 
Both  infrared  absorption  and  Raman  spectra  reveal  phonon  contributions  in  the  range  of  300  cm 
(Ge-Ge),  390  cm'*  (Si-Ge),  and  450  cm'*  (Si-Si).  In  this  paper  we  focus  on  the  modes  in  the  range  of 
390  cm'*.  Figure  6(a)  and  6(b)  show  absorption  spectra  and  Raman  spectra  in  the  range  of  the  SiGe 
phonon  modes,  respectively.  In  absorption  measurements  a  weak  absorption  at  372  cm'  and  a  single 
line  at  about  390  cm'*  appears.  The  latter  line  shifts  from  387.7  cm'*  for  a  concentration  of  1.3%  Si 
to  391.0  cm'*  for  a  concentration  of  9.8%  Si.  The  linewidth  increases  simultaneously.  In  Raman 
measurements  we  observe  a  peak  at  the  same  energetic  position.  This  line  shows  the  same  shift  to 
higher  energies  with  rising  Si  content  as  observed  for  absorption  measurements.  Additionally,  a 


Fig.  6  (a).  Absorption  spectra  for  samples  with 
different  Si  concentrations  recorded  at  8  K  (LVM: 
local  vibrational  mode). 


Wavenumber  [cm-'] 


Fig.  6  (b).  Raman  spectra  for  samples  with 
different  Si  concentrations  recorded  in  the 
spectral  range  of  the  SiGe  mode  (LVM: 
local  vibrational  mode). 
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further  line  appears  at  the  high  energy  side  of  the 
first  peak.  The  intensity  of  this  line  increases  strongly 
with  increasing  Si  content.  For  low  Si  concentrations 
the  vibration  at  about  390  cm'‘  in  Raman  and 
absorption  spectra  is  attributed  to  the  local 
vibrational  mode  (LVM)  [9,10]  of  Si  in  Ge.  We 
identify  the  nature  of  this  peak  by  the  isotope  effect 
of  Si.  Natural  Si  has  three  stable  isotopes  ^*Si,  ^’Si 
and  ^“Si  with  abundances  of  92.2%,  4.7%,  and  3.1%, 
respectively.  Due  to  the  different  masses  the 
vibration  frequencies  of  the  isotopes  are  slightly 
different.  With  the  assumption  that  the  force 
constant  is  the  same  for  all  isotopes  the  frequency 
difference  of  the  LVM  of  the  heavier  isotopes  ^’Si 
and  ^“Si  with  respect  to  ^*Si  are  given  by 


=>  A(o=  7cm"', 


370  380  390  400 


Wavenumber  [cm-i] 


Due  to  the  high  quaUty  of  our  samples  we  were  able 
to  resolve  the  LVM  of  all  the  three  Si  isotopes. 
Figure  7  shows  the  Raman  spectrum  of  a  sample 
with  a  concentration  of  1%  Si.  The  vibrational 
energies  of  the  different  isotopes  are  cozs  =  389  cm'', 
=  383  cm'',  and  cojo  =  378  cm''.  The  intensity 
ratios  of  the  peaks  correspond  to  the  natural 
abundances  of  the  Si  isotopes.  Due  to  the  two 
phonon  background  and  the  weak  absorption  of  the 
local  mode,  the  isotope  effect  is  not  observable  in 
absorption.  By  adding  more  Si  atoms  to  the  crystal 
the  LVM  develops  into  a  SiGe  like  optical  phonon. 
In  Raman  spectra  a  further  SiGe  like  optical  phonon 
appears  on  the  high  energy  side  of  the  local 
vibrational  mode  and  increases  in  intensity  with 
rising  Si  content.  The  SiLvin  is  Raman  and  infrared 
active  and  gives  rise  to  the  line  at  about  390  cm  '. 
Gaisler  et  al.  also  observed  the  two  contributions  in 
their  Raman  spectra  for  low  Si  concentrations  of 
relaxed  Gei-xSix  layers  [13].  They  interpreted  this 
effect  with  the  increasing  influence  of  Si  atoms  in  the 
vicinity  of  an  isolated  Si  atom  on  the  Ge-Si  bond 
length  and  thus  on  the  frequency  of  the  LVM.  But 
following  this  interpretation  the  high  energy  lines 
should  also  be  observable  in  absorption 
measurements.  The  behavior  of  the  Raman  and 
absorption  modes  of  the  SiGe  vibration  can 
theoretically  be  described  by  application  of  the 
anharmonic  Keating  model  [11]  to  SiGe  alloys.  In  a 
simple  picture  the  Gei-xSL  crystal  consists  of  two  fee 
sublattices.  Each  sublattice  is  occupied  by  the  same 


Fig.  7.  Raman  spectrum  of  the  LVM  of  Si 
in  Ge.  The  Si  concentration  of  the  sample 
is  1%.  One  can  see  the  vibration  of  the 
different  Si  isotopes. 
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Fig.  8.  Raman  and  Absorption  spectra 
calculated  with  the  anharmonic  Keating 
model. 


number  of  Si  atoms,  which  is  reasonable  for  a  purely  random  distribution  of  the  atoms  in  the  alloy. 
The  oscillation  of  these  two  sublattices  against  each  other  results  in  a  SiGe  phonon,  which  is  Raman 
but  not  infrared  active.  Therefore  the  SiGe  phonon  causes  the  additional  high  energy  Hnes  observed 


in  Raman  spectra  but  not  in  absorption.  Figure  8  shows  a  calculated  Raman  and  absorption  spectrum 
for  a  Si  concentration  of  10%.  The  calculation  shows  a  line  at  about  390  cm'‘  for  both  absorption 
and  Raman  and  the  additional  Raman  active  mode  on  the  high  energy  side.  The  difference  in 
experiment  (Fig.  6  (b))  and  theory  (Fig.  8)  of  the  intensity  ratio  of  the  two  Raman  lines  can  be  either 
explained  by  inaccuracy  of  the  Keating  model  or  sample  quality.  Gaisler  et  al.  [13]  observed  different 
intensity  ratios  compared  with  ours  caused  by  different  sample  quality.  The  phonon  mode  observed 
in  absoption  at  about  370  cm'*  appears  also  in  the  measurement  as  indicated  in  Fig.  6(a).  Details  of 
the  calculations  will  be  published  elsewhere  [12]. 

SUMMARY  .  .  „ 

We  have  investigated  Gei.xSix  bulk  crystals  grown  by  the  vertical  Bridgman  method.  The  small 
FWHM  of  the  near  band  edge  luminescence  lines  and  the  observation  of  a  Si  isotope  effect  in  Raman 
measurements  demonstrate  the  exceUent  sample  quality.  The  increasing  linewidth  of  the  bound 
exciton  luminescence  with  rising  Si  concentration  occurs  due  to  alloy  fluctuations,  while  enhanced 
phonon  coupling  reduces  the  NP  relative  to  phonon  intensity,  overcompensating  the  fluctuation 
effect.  In  PL  we  observe  luminescence  from  deeply  bound  excitons  which  have  a  Imewidth  of  only 
half  of  the  near  band  edge  bound  exciton  emission.  The  luminescence  line  shifts  with  the  excitonic 
band  edge  for  increasing  Si  concentration  and  is  detectable  up  to  60  K.  The  vibrational  modes 
observed  in  absorption  spectra  at  about  390  cm  ’  are  caused  by  the  LVM  of  silicon.  In  Raman 
spectra  we  observe  in  addition  to  the  mode  at  390  cm'*  contributions  of  SiGe  related  phonons  at  400 
cm'*.  Their  intensity  increases  significantly  with  rising  Si  content.  The  Raman  and  infrared  spectra 
can  be  explained  with  the  anharmonic  Keating  model. 
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Abstract 

Schottky  barrier  diodes  (SBDs)  were  formed  on  n-and  p-type  epitaxially  grown  Sii.xGox 
(x  =  0.0  to  0.2)  strained  films  by  electron  beam  (EB)  deposition  of  Ti  and  Sc.  The  barrier  height  of 
Sc  on  Sij.xGCx/Si  and  the  defects  introduced  during  EB  deposition  of  Sc  have  been  investigated  as  a 
fimction  of  Ge  composition  in  Sii.xGcx.  The  barrier  height  )  to  strained  p-type  films  followed  the 
same  change  as  the  band-gap  with  increasing  Ge-content.  These  results  suggest  that 
)  on  n-tjpe  films  does  not  exhibit  composition  dependence  and  seems  to  be  evidence  of  Fermi 
level  pinning  relative  to  the  conduction  band.  We  have  used  deep  level  transient  spectroscopy 
(DLTS)  to  study  the  electronic  properties  of  defects  introduced  during  EB  deposition.  Die  most 
prominent  defect  observed  in  n-Sij.xGex  after  EB  deposition  has  a  level  at  -  0.44  eV.  The  energy 
level  of  this  defect  was  not  influenced  by  a  change  in  Ge-content,  indicating  that  it  is  pinned  to  the 
conduction  band.  In  p-Sii.xGcx,  the  activation  energy  of  the  main  defect  was  foimd  to  decrease  with 
increasing  Ge-content  and  followed  the  same  trend  as  the  band-gap  variation  Eg  (x)  in  Sii.xGex/Si, 
suggesting  that  this  defect  is  also  pinned  to  the  conduction  band. 


Introduction 

Sii-xGcx/Si  heterostructures  are  of  great  interest  because  of  their  potential  appUcation  in 
heterojunction  devices  and  their  compatibility  with  Si  integrated  circuit  technology  [1,2].  The  rapid 
decrease  of  the  band-gap  of  strained  Sii.xGcx  epitaxially  layers  with  Ge  fraction  makes  this  material 
suitable  for  a  wide  variety  of  electronic  device  applications  [3].  Device  fabrication  requires 
metallization,  which  is  one  of  the  most  critical  processing  steps  in  device  processing.  Metallization  is 
also  extremely  important  for  the  electrical  characterization  of  metaFsemiconductor  interfaces.  A 
technique  which  is  frequently  used  for  semiconductor  metallization  is  electron  beam  (EB)  deposition, 
especially  due  to  its  abihty  to  evaporate  high  melting  point  metals  and  the  enhancement  of  the 
adhesion  of  the  deposited  layer  onto  the  substrate  [4].  However,  apart  from  these  advantages,  EB 
deposition  also  has  some  disadvantages.  During  EB  deposition,  the  semiconductor  surface  is 
eiqiosed  to  x-rays  which  introduce  crystal  damage  at  and  close  to  its  surface  [5].  This  damage  affects 
the  electrical  and  optical  properties  of  the  semiconductor  and  the  defects  thus  introduced  will 
influence  the  characteristics  of  devices  fabricated  on  it.  Studies  on  Si  and  GaAs  have  shown  that  the 
barrier  heights  (^j )  of  Schottky  barrier  diodes  (SBDs)  formed  on  n-and  p-type  material,  after 
exposing  it  to  low  energy  particles,  are  decreased  and  increased  [5-7],  respectively.  Deep  level 
transient  spectroscopy  (DLTS)  [8]  revealed  that  this  is  due  to  electrically  active  defects  formed  when 
particles  impinge  on  the  material,  and  that  the  degree  of  particle-induced  barrier  height  modification 
increases  with  increasing  defect  concentration  [5]. 

Several  investigations  have  been  conducted  to  characterize  defects  introduced  during  EB  deposition 
on  Si  and  GaAs  [5,7,9]  but  very  httle  “or  no”  information  is  available  regarding  the  influence  of  EB 
deposition  on  defect  introduction  in  Sii.xGcx.  In  this  work,  we  study  the  properties  of  defects  in 
Sii-xGcx  induced  by  EB  deposition  of  Sc  or  Ti  as  a  function  of  Ge-content.  In  addition,  the 
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dependence  of  the  Schottky  barrier  height  on  Ge-content  and  on  the  influence  of  stray  electrons 
produced  during  EB  deposition  is  also  investigated. 

Experimental  details 

The  SiGe  layers  were  grown  by  chemical  vapor  deposition  (CVD).  The  growth  temperature  was 
between  625  and  700  “C.  The  boron  and  phosphorous  doping  of  the  epitaxial  SiGe  layers  as 
determined  by  capacitance  voltage  (C-V)  measurements  was  of  the  order  of 
8  X  lO'®  -  1  X  lO”  cm'^.  The  carrier  density  of  the  epitaxial  layers  was  uniform.  For  all  x,  the 
germanium  content  is  uniform  within  the  Sii.xGcx.  The  Ge-content  (0  <  x  <  0.2)  was  determined  by 
Rutherford  backscattering  spectrometry  (RBS).  The  degree  of  strain  relaxation  was  measured  by 
x-ray  diffraction  using  the  (400)  and  (211)  reflection  planes  for  the  determination  of  the 
perpendicular  and  parallel  lattice  constants,  respectively.  After  wet  chemical  cleaning  using 
trichloroethylene,  isopropanol  and  oxide  etching  using  diluted  EF:H20  (1:50)^  solution,  the  samples 
were  inserted  in  a  high  vacuum  system  in  which  the  pressure  recovered  to  10  mbar.  Circular  Sc  or 
Ti  contacts,  0.77  mm  in  diameter  and  200  nm  thick,  were  deposited  onto  the  Sii.xGcx,  through  a 
metal  contact  mask  by  EB  evaporation. 

The  Schottky  barrier  height  (SBH)  was  determined  using  current  voltage  (I-V)  measurements  at 
room  temperature.  As  a  result  of  the  lower  barrier  height  with  higher  Ge-content,  these  SBDs  exhibit 
a  high  effective  series  resistance  (Rs)  yielding  non-linear  forward  characteristics.  Therefore,  the  SBH 
was  determined  from  the  reverse  saturation  current  measurements.  Thermionic  emission  was 
assumed  to  govern  current  transport  under  reverse  bias.  For  lower  Ge-content,  the  barrier  height  was 
determined  using  either  forward  I-V  characteristics  or  directly  from  a  measurement  of  the  current  at 
a  reverse  voltage  Vr=l.  The  saturation  current,  4  is  described  by  [10] 

4  =  ri*5rexpMj^/A:71  (1) 

where  S  is  the  SBDs  surface  area  and  ri*  is  the  effective  Richardson  constant  for  Sii-xGcx.  A  was 
calculated  by  using  a  linear  dependence  on  the  composition. 

The  EB  evaporation-induced  defects  in  the  Sii.xGex  epilayer  were  characterised  using  a 
lock-in  amplifrer  based  deep  level  transient  spectroscopy  (DLTS)  [8]  system.  The  DLTS  "signatures" 
(energy  level,  £■, ,  in  the  band-gap  and  apparent  capture  cross-section,  )  of  the  defects  were 
determined  from  Arrhenius  plots  of  7^ /e  vs  l/T,  where  e  is  the  emission  rate  at  a  temperature  T.  In 
order  to  minimize  electric  field  assisted  emission  [11],  small  biases  and  pulses  were  used 
(yr=V,  =  03V). 

Two  sets  of  sanq)les  were  prepared.  The  first  set  consisted  of  Si].xGex  ‘  to  be  used  as  a  reference 
with  different  x  and  was  shielded  from  stray  electrons  originating  at  the  EB  filament  during  metal 
depositions.  In  order  to  examine  the  influence  ofEB  evaporation  of  Sc  and  Ti  on  the  characteristics 
of  metaFSii.xGcx  and  to  study  the  defects  introduced  in  Sii.xGcx  during  EB  deposition,  the  second  set 
was  not  shielded  during  deposition  and  was  used  to  study  the  EB  induced  defects  in  Sii-xGcx- 

Results  and  Discussion 
A.  p-type  Sii.xGcx 
1)  I-V  measurements 

Figure  1  shows  the  variation  of  SBH  as  a  function  of  Ge  fraction.  Also  shown  in  Fig.  1  is  the 
band-gap  for  strained  alloys  versus  composition  [12].  For  control  samples,  the  SBH  decreases  when 
the  Ge  fraction  increases  (f)ip=  0.57  ±  O.OleV  and  0.43  ±  0.01  for  x  =  0  and  0.2,  respectively).  After 
EB  deposition  (ynithout  shield),  the  SBH  decreases  from  0.62  eV  to  0.46eV  when  x  increases  from 
0  to  0.2.  The  composition  dependence  of  ((j>bp  )  for  diodes  fabricated  with  and  without  shielding 
agrees  well  with  that  of  the  band-gap  Eg  (x)  [12].  Therefore,  the  variation  observed  cannot  be  related 
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Figure  1:  Correlation  of  strained  SiGe  band-gap 
change  (filled  squares)  and  the  barrier  height 
variation  with  Ge-content  for  Sc  deposited  on 
p^Sij.xGox  by  EB  evaporation,  (control  samples, 
open  squares)  and  without  shielding  samples  from 
stray  electrons  (sohd  triangles). 

2)  DLTS  measurements 


to  the  formation  of  defects  but  to  the  Ge-content. 
However,  a  theoretical  model  [13]  indicates  that 
the  major  part  of  the  band  gap  variation  AEg  in 
Sii.xGcx/Si  heterojunctions  is  contained  in  the 
valence  band  (AEy  =  AEg).  Recent  experimental 
results  [14]  indicate  that  the  barrier  height  of 
W/p-Sii.yGex  for  fully  relaxed  films  follows  the 
same  trend  as  the  valence  band  offsets  between 
Sii.xGcx  and  Si. 

Figure  1  also  illustrates  that  the  diodes  deposited 
without  shielding  exhibit  higher  barrier  heights 
than  those  deposited  with  shield.  The  higher 
barrier  height  formed  in  the  presence  of  stray 
electron  irradiation  can  be  imderstood  if  it  is 
assumed  that  these  stray  electrons  introduce 
donor-like  [7]  defects  at  and  below  the  surface  of 
the  semiconductor  during  metallization.  The 
presence  of  electrically  active  defects  after  stray 
electron  irradiation  will  be  verified  below  by  the 
DLTS  results. 


The  DLTS  results  of  control  diodes,  fabricated  at  a  rate  of  10  A/s,  and  positioned  to  prevent  stray 
electrons  fi-om  reaching  the  p-SiGe,  indicated  that  no  defects  with  peaks  between  40K  and  BOOK 
fi-om  x  =  0.0  to  0.1,  are  present  in  detectable  concentrations  (<  10'^  x  74  =  10^^  cm‘^).  In  sart^les 
with  higher  Ge-content  (x  =  0.15  and  0.2)  we  detected  two  defects  which  we  beUeve  may  be 
ascribed  to  slight  relaxation  present  in  the  films  with  high  Ge  fraction. 

Figure  2  depicts  the  DLTS  spectra  fi^om  samples  fabricated  by  depositing  Sc  without  shielding  the 
p-Sii.xGex  firom  stray  electrons  originating  at  the  filament.  For  all  the  investigated  conq)ositions,  EB 
metallization  of  p-Sij.xGex  introduced  one  prominent  (He2)  and  some  minor  (Hel,  He3,  He4)  hole 
traps  of  which  the  properties  are  given  in  Table  I.  Furthermore,  note  that  the  peak  temperature  of 
Hel  and  He2  in  Table  I  are  higher  than  in  Fig.  2.  This  is  because  the  “signatures”  were  determined 
under  low  electric  field,  while  the  curves  in  Fig.  2  were  recorded  at  Fr=  1  and  Fp=  1.6V.  This 
causes  a  higher  field  in  the  depletion  region  which,  in  turn,  results  in  enhanced  emission  and  a  peak 
shift  to  lower  temperature. 

Table  1:  Electronic  properties  of  the  prominent  hole  trap  He2  and  minor  defect  Hel  introduced 
during  EB  evaporation  of  Sc  on  epitaxially  grown  p-Sii.xGcx/Si. 


Defect  label 

Ge-content 

Activation  energy 

E,  (eV) 

Capture  cross  section 
CTa  (cm^) 

Peak  temperature 
Tpea^tK) 

He2 

0.00 

0.525 

9.4  xlO’^'* 

241.7 

He2 

0.053 

0.467 

5.1  xlO'^'* 

221.8 

He2 

0.10 

0.403 

2.4  x  lO'^'' 

199.6 

He2 

0.15 

0.350 

2.4  X  lO’’'* 

175.8 

Hel 

0.10 

0.509 

8.1  xlO'^"* 

236.2 

Hel 

0.15 

0.502 

9.6  xlO'^'' 

231.6 

(b) 


Peak  temperature  at  a  lock-in  amplifier  frequency  of  46  Hz,  i.e.  a  decay  time  constant  of  9.23  ms. 
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Figure  2  also  illustrates  that  all  the  defect  peaks  with  the  exception  of  Hel,  shift  towards  lower 
temperature  with  increasing  Ge-content.  We  suggest  that  this  effect  is  due  to  a  change  m  the  b^d- 
gap  with  Ge-content.  The  DLTS  spectra  in  Figure  2  fiirther  reveal  that  for  x  >  0. 1,  a  new  defect  Hel 
with  a  peak  at  226  K  was  detected.  Furthermore,  note  that  the  peak  temperature  of  this  defect  does 
not  exhibit  a  strong  composition  dependence  and  it  appears  that  this  defect  could  only  be  detected  m 
SiGe  with  X  >  0. 1.  This  defect  has  a  level  at  E,  +  0.50  eV.  The  energy  level  of  this  defect  was  not 
influenced  by  a  change  in  Ge-content,  indicating  that  it  is  pinned  to  the  valence  band.  We  suggest 
that  the  most  probable  reason  for  this  is  the  high  Ge-content  and  this  defect  could  be  a 
Ge-related  defect  introduced  by  electrons  during  metallization. 

From  Arrhenius  plots  for  He2  and  Hel,  constructed  from  temperature  scans  performed  at  different 
pulse  frequencies,  we  have  extracted  the  activation  energy  E,  and  the  apparent  capture  cross  section 
o-„  •  these  parameters  are  given  in  Table  I.  Figure  3  shows  the  activation  energy  E,  of  He2  as  Action 
of  Ge  fraction  (x)  for  fully  strained  films.  Also  shown  in  Fig.  3  is  the  band-gap  for  stramed  alloys 
versus  composition  [12].  The  composition  dependence  of  £,  foUows  the  same  trend  as  the  energy  of 
the  band-gap  Eg  (x). 

A  linear  dependence  of  Et  (x)  on  Eg  (x)  in  the  form  of 

E,(x)  =1.3Eg(x)-0.94  0<x<0.15  (2) 


can  be  deduced.  The  slight  increase  in  the  slope  from  unity  is  not  yet  understood,  but  may  be 
ascribed  to  some  compressive  strain  which  is  induced  during  metallization.  The  good  agreemmt 
between  the  change  in  E,  and  Eg  suggests  that  the  He2  observed  in  p-SiiA  is  the  same  as  that 
observed  in  p-Si  and  that  this  level  is  pinned  relative  to  the  conduction  band  for  all  the  ^-contents 
investigated.  Thus,  the  reduction  in  activation  energy  is  relative  to  the  valence  band  as  sbotra  m  the 
inset  of  Figure  3.  Following  this  argumentation,  our  results  are  consistent  with  the  fact  that  the  mam 
part  of  the  band  gap  variation  in  Sii-^Ge^/Si  heterojunction  is  contained  in  the  valence  band  [13]. 


B.  n-type  Sii-^GCx 

For  each  n-SiGe  epitaxial  layer  of  different  Ge-content,  a  control  sample  was  fabricated  usmg  a 
resistively  deposited  contact  which  is  known  to  introduce  no  defect  m  Si.  No  electncaUy  active 


Temperature  (K) 

Figure  2:  DLTS  spectra  of  EB  deposited  Sc 
SBDs  on  p-Sii.xG%  with  different  Ge-content, 
a  quiescent  reverse  bias  (V,)  of  1  V  and 
forward  bias  (Vp)  of  1.6  V  were  used.  The 
lock-in  amplifier  frequency  was  46  Hz. 


Ge  Fraction 


Figure  3:  variation  of  Sii-xGox  band-gap  (solid 
circles)  and  the  activation  energy  of  the  most 
prominent  defect  (open  squares)  as  a  function  of 
Ge-content.  correlation  of  the  activation  energy 
change  and  the  valence  band  change  relative  to 
sihcon  with  Ge-content  is  shown  in  the  insert. 
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Figure  4:  .DLTS  spectra  of  Ti  SBDs  deposited  by  EB 
deposition  on  n-Sij.xGex  strained  films  with  different  Ge- 
content.  AU  curves  were  recorded  at  a  lock-in  amplifier 
fi-equency  of  46  Hz,  Vr  =  1  V  and  Vp  =  1 .2  V. 


defects  were  detected  ia  these  control 
samples  between  16  K  and  300  K  [15],  thus 
we  attribute  all  the  DLTS  peaks  observed  in 
the  EB  metallization  samples  to  EB 
depositions  induced  defects. 

Figure  4  depicts  DLTS  spectra  of  Ti  SBDs 
on  n-Si].xGex  which  were  recorded  at  a 
quiescent  reverse  bias  (1^=1V)  and  a 
forward  bias  (Vp  =  1.2  V).  For  x  =  0  to  0. 1, 
the  most  prominent  defect  observed  in 
n-Sii.xGex  after  EB  deposition  has  a  level  at 
Ec  -  0.44  eV.  It  is  important  to  note  that  the 
energy  level  of  this  main  defect  was  not 
influenced  by  a  change  in  Ge-content, 
suggesting  that  it  is  pinned  to  the  conduction 
band.  This  defect  has  a  similar  DLTS 
“signature”  as  one  introduced  during  sputter 
depositiion  of  Au  on  n-type  Sij.xGox  [15]. 

The  DLTS  spectra  in  Fig.  4  show  that  the 
main  defect  observed  in  n-Si  is  located  at 


about  217  K  A  shght  shift  of  the  peak 
towards  higher  temperatures  (fi-om  217  to  230  K)  is  clearly  observed  with  increasing  Ge-content. 
This  shift  is  not  yet  understood,  but  may  be  ascribed  to  an  increase  in  strain  with  an  increase  in 


Ge-content.  After  annealing  the  n-Si  samples  for  30  min  at  180  “C,  there  was  no  drastic  change  in 
the  DLTS  peak  height  of  this  defect.  This  defect  is,  therefore,  beheved  to  be  either  the  second  charge 
state  of  the  divacancy  V2 or  the  vacancy-phosphorous  complex  (V-P).  It  is  also  possible  that  it  is 
the  combination  of  V-P  and  V2  In  order  to  better  imderstand  these  phenomena,  isochronal 


annealing  as  a  ftmction  of  Ge-content  are  presently  being  performed  to  study  the  thermal  behavioiu 
of  the  V-P  and  the  divacancy  V2  in  SiGe. 


Conclusions 


In  conclusion,  the  composition  dependence  of  the  Schottky  barrier  height  of  Sc  deposited  with  and 
without  electron  shielding  on  strained  p-Sij.xGcx  films  follows  the  same  trend  as  the  band-gap 
variation  with  Gie-content.  It  is  also  foimd  that  the  barrier  height  is  lower  for  SiGe  not  exposed  to 
stray  electrons  and  increased  for  a  given  Gie-content,  when  the  SiGe  films  were  not  shielded  during 
deposition.  Thus,  the  surface  damage  layer  effectively  provides  net  donor-like  and  other  gap  states. 

DLTS  measurements  confirmed  the  presence  of  defects  introduced  when  the  substrate  was  not 
shielded  during  metallization.  We  have  shown,  firstly,  that  EB  metallization  on  p-Sii.xGex  introduced 
a  set  of  defects,  He2  being  the  most  prominent  for  all  corepositions  investigated.  Secondly,  the 
activation  energy  of  this  major  defect  decreases  with  increasing  Ge-content.  These  results  suggest 
that  this  defect  introduced  in  p-Sii.xGex  is  the  same  as  that  observed  in  p-Si  and  that  this  defect  is 
pinned  relative  to  the  conduction  band.  For  the  first  time,  a  direct  relation  is  reported  between  the 
activation  energy  of  EB  induced  defects  and  the  band-gap  variation  in  strained 
p-Sii.xGtex. 

The  most  prominent  defect  observed  in  n-Sii.xGex  after  EB  deposition  of  Ti  SBDs  has  a  level  at 
Eo  -  0.44  eV.  The  energy  level  of  this  defect  is  not  influenced  by  a  change  in  Gre-content,  indicating 
that  is  pinned  to  the  conduction  band. 
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Abstract.  Results  are  presented  of  an  extended  study  on  the  induced  lattice  defects  and  their 
effects  on  the  degradation  of  Sij-xGex  diodes,  subjected  to  a  20-MeV  alpha  ray  irradiation.  The 
degradation  of  the  electrical  device  performance  increases  with  increasing  fluence,  while  it  decreases 
with  increasing  germanium  content  and  energy.  In  the  Sii-xGex  epitaxial  layers,  electron  capture 
levels  associated  with  an  interstitial  -  substitutional  boron  complex  are  induced  by  the  irradiation.  The 
influence  of  the  radiation  source  on  device  degradation  is  discussed  taking  into  account  the  number  of 
knock-on  atoms  and  the  nonionizing  energy  loss  (NIEL).  The  radiation  source  dependence  of 
performance  degradation  is  attributed  to  the  difference  of  mass  and  the  probability  of  nuclear  collision 
for  the  formation  of  lattice  defects. 


Introduction 

The  utilization  of  sattelites  for  broadcast  and  weather  forecast  is  now  an  essential  factor  in  our 
information  intensive  society.  From  these  requirements,  extensive  studies  concerning  the  development 
of  semiconductor  devices  which  can  operate  reliably  in  the  space  radiation  environment  have  been 
undertaken  on  a  wide  scale.  It  is  well  known  that  Sii-xGex  devices  have  an  excellent  performance 
with  respect  to  high  speed,  large  current  and  direct  transition.  Some  results  on  the  degradation  and  its 
recovery  of  Slp-xGex  devices  by  electron,  neutron  and  proton  irradiation  have  been  reported  so  far  [1- 
2], 

In  the  present  paper,  the  degradation  of  the  electrical  performance  and  the  induced  lattice  defects  of 
Sii-xGex  diodes,  which  are  irradiated  at  room  temperature  with  20-MeV  alpha  rays,  are  investigated 
as  a  function  of  germanium  content  and  fluence.  The  radiation  source  dependence  of  degradation  is 
discussed  by  comparing  the  results  with  those  after  irradiation  with  neutrons  and  electrons.  In  order  to 
examine  the  recovery  behavior  of  the  induced  deep  levels  and  the  device  performance,  isochronal 
thermal  annealing  is  carried  out  for  temperatures  ranging  from  75  to  300  ^C.  Moreover,  the  effects  of 
the  induced  lattice  defects  on  the  performance  degradation  is  also  presented. 


Experimental 

n+-Si/p+-Sii-xGex  diodes  fabricated  on  strained  Sij-xGex  epitaxial  layers  grown  on  Cz  silicon 
substrates,  were  used  in  this  study.  The  active  boron  concentration  of  the  strained  Sii-xGex  epitaxial 
layers  for  diodes,  which  were  grown  on  silicon  substrates  using  an  ultra  high  vacuum  chemical 
vapour  deposition  system  (UHV  CVD)  at  a  growth  temperature  of  630  and  a  deposition  pressure 
of  0.26  Pa,  was  about  6  x  lO^^  cm'3.  The  germanium  content  of  the  Si^.^Ge^^  epilayer  of  nominal 
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thickness  100  nm  was  x  =  0.08,  0.12,  and  0.16.  A  boron  implantation  at  an  energy  of  55  keV  was 
performed  to  make  the  base  contact.  The  active  diode  windows  were  defined  by  standard 
photolithography,  whereafter  200  nm  undoped  polysilicon  was  grown  by  atmospheric  CVD  at  a 
temperature  of  610  ^C.  The  polysilicon  was  then  implanted  twice  with  phosphorous,  i.e  first  a  3  x 
10l5  cm'2  implantation  at  55  keV  followed  by  an  implantation  of  lO^^  cm'2  at  20  keV.  The  n+ 
polysilicon  was  used  to  form  the  n"*"  region  for  diodes.  The  diode  area  was  between  10^  and  10^ 
/im^.  More  details  on  the  diode  process  are  described  in  a  previous  paper  [2]. 

Diodes  without  applied  bias  voltage  were  irradiated  at  room  temperature  by  a  20-MeV  alpha  ray  in 
the  AVF  cyclotron  in  TIARA  at  the  Takasaki  Radiation  Chemistry  Research  Establishment.  The 
fluence  of  the  alpha  ray  was  varied  between  lOl®  and  10^^  1/cm^.  The  diodes  were  also  irradiated  by 
fast  1-MeV  neutrons  at  room  temperature  in  the  irradiation  tube  of  the  ROckyo  University  reactor 
(Triga  Mark  11).  The  neutron  fluence  was  varied  between  10^2  and  10l4  n/cm^.  Morever,  1-MeV 
electron  irradiations  using  the  linear  electron  accelerator  at  the  Takasaki  JAERI  (Dynamitron)  were 
performed  at  room  temperature.  The  electron  fluence  was  varied  from  lO^^  to  10^^  e/cm^. 

The  current/voltage  (lAO  capacitance/voltage  (CAO  characteristics  of  the  diodes  were 
measured.  The  hole  and  electron  capture  levels  in  the  Sii-xGex  epitaxial  layer  of  the  diodes  were 
studied  using  deep  level  transient  spectroscopy  (DLTS).  The  applied  filling  pulse  was  ranging  from  -1 
to  0.5  V  to  observe  electron  capture  levels  in  the  base  region  and  from  -1  to  0  V  in  the  collector 
region.  The  capacitance/temperature  (C/T)  characteristics  were  recorded  simultaneously  with  the 
DLTS  spectra.  To  investigate  the  recovery  behavior  of  the  irradiated  diodes,  isochronal  thermal 
anneals  were  carried  out  at  temperatures  between  75  and  300  °C  under  nitrogen  flow.  An  annealing 
time  of  15  min.  was  chosen  and  the  temperature  was  varied  with  steps  of  25  °C  with  an  accuracy  of  1 
°C.  After  each  annealing  step  and  subsequent  cooling  of  the  devices,  the  electrical  performance  and 
induced  deep  levels  of  the  devices  were  measured. 


Results  and  discussion 

Figure  1  (a)  shows  typical  DLTS  spectra  revealing  the  presence  of  electron  capture  levels  in  x  = 
0.12  diodes  for  different  fluence  of  20-MeV  alpha  rays.  As  shown  in  this  figure,  only  hole  capture 
levels  are  observed  below  1  x  lO^^  l/cm^,  while  both  electron  and  hole  capture  levels  are  detected  for 
5  X  10l2  l/cm2.  The  electron  capture  levels  shown  in  figure  are  most  likely  associated  with  an 
interstitial  boron  complex  [3-6]  and  are  related  to  the  increase  of  reverse  current  and  the  decrease  of 

capacitance  in  Sii-xGex  epitaxial  layer.  Fig.  1  (b)  shows  the  corresponding  C/T  profile.  For  5  x  lO^^ 

l/cm2,  a  severe  decrease  of  capacitance  due  to  the  deactivation  of  substitutional  boron  atoms  is 
observed.  The  same  electron  capture  levels  are  also  induced  in  x  =  0.08  and  0.16  diodes. 

Figure  2  (a)  and  (b)  show  the  typical  I/V  and  C/V  characteristics  for  the  x  =  0. 12  diodes,  which 
are  irradiated  by  20-MeV  alpha  ray  for  different  fluences,  respectively.  From  figure  2a  it  is  noted  that 
both  the  reverse  and  forward  current  increase.  The  forward  current  is  lower  after  irradiation  for  a 
forward  voltage  (Vp)  larger  than  0.5  V.  The  reason  for  this  might  be  an  increased  resistivity  of  the  Si 
substrate.  It  is  found  from  figure  2b  that  the  capacitance  in  the  Sii-xGex  epitaxial  layer  decreases  by 
irradiation  due  to  the  deactivation  of  active  boron  atoms.  The  performance  degradation  increases  with 
increasing  alpha  particle  fluence.  The  deactivation  of  boron  is  related  with  the  formation  of  interstitial 
boron  as  mentioned  below  and  is  the  main  responsible  for  the  increase  of  the  reverse  current. 

Assuming  a  linear  relationship  between  damage  increase  and  fluence,  one  can  calculate  a  damage 
coefficient  for  the  reverse  current  (Ki),  which  can  be  defined  by  the  following  equation. 


Ir  (O)  =  IR  (0)  +  KjO 


(1) 
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where  <1>  is  the  alpha  ray  fluence.  Ir  (O)  and  Ir  (0)  are  the  reverse  current  at  Vj^  =  -  1  V  after  and 
before  irradiation. 


a)  b) 


Figure  1 :  DLTS  (a)  and  C/T  (b)  spectra  for  x  =  0.12  diodes  irradiated  by  20-MeV  alpha  rays. 

a)  b) 
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Figure  2  :  Influence  of  20-MeV  alpha  ray  irradiation  on  l/V  (a)  and  CA^  (b)  characteristics  for  x  =  0.12 

diodes. 
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Kj  values  of  diodes,  which  are  irradiated  by  20-MeV  alpha  rays,  for  different  germanium  content 

calculated  by  this  equation  are  listed  in  table  1  (a)  and  decreases  with  increasing  germanium  content. 
A  similar  dependence  of  the  damage  coefficient  on  the  germanium  content  is  observed  for  proton, 
neutom  and  electron  irradiations.  Table  1  (b)  summarises  the  respective  Ki,  the  number  of  knock-on 
atoms  (Nd)  and  the  nonionizing  energy  loss  (NIEL)  of  x  =  0.12  diodes  for  20-MeV  protons,  1-MeV 
fast  neutrons  and  1-MeV  electrons.  For  diodes  with  the  same  x,  Kl  for  alpha  ray  irradiation  is  nearly 
the  same  as  that  for  proton  and  neutron  irradiation.  One  can  also  calculate  Nd  and  NIEL  in  x  -  0.12 

diodes  for  20-MeV  alpha  ray  irradiation  as  1240  cm"^  and  1.4  x  10"^  MeVcm^g  1,  respectively  [7]. 
The  values  are  about  a  few  times  larger  than  those  for  proton  and  neutron  irradiation.  Based  on  these 
consideration,  the  radiation  source  and  germanium  content  dependence  of  performance  degradation  is 
thought  to  be  attributed  to  the  difference  of  mass  and  the  possibility  of  nuclear  collision  for  the 
formation  of  lattice  defects. 


Tabel  1  :  Ki  for  different  germanium  content,  subjected  to  20-MeV  alpha  rays  (a)  and  Kl,  Nd  and 
NIEL  of  X  =  0.12  diodes  for  different  radiation  sources  (b). 

a)  b) 


20-MeV 

Protons 

1-MeV 

Neutrons 

1-MeV 

Electrons 

Kj 

8.0  X  10'^^ 
(p  ^Acm^) 

6.2  X  10^^ 
(n  ^Acm^) 

-24 

6.0  X  10 
(e  ^Acm  ) 

Nd 

.3 

(cm  ) 

992 

295 

1.18 

NIEL 

(MeVcm^g  S 

8.5  X  10'^ 

4.5  X  10'^ 

27  X  lO'® 

X  =  0.08 

x  =  0.12 

x  =  0.16 

Ki 

2 

(Acm  ) 

7.5  X  lO'^^ 

5.2  X  10'^' 

1.8  X  lO'^* 

Figure  3  (a)  and  (b)  shows  the  results  of  15  min  isochronal  anneals  of  W  and  CA^  characteristics 

of  X  =  0.12  diodes,  which  are  irradiated  by  a  20-MeV  alpha  ray  with  a  fluence  of  1  x  lO^^  l/cm^.  As 
shown  in  those  figures,  the  performance  degraded  by  irradiation  recovers  by  thermal  annealing  and 
the  recovery  increases  with  increasing  annealing  temperature. 

In  order  to  quantify  the  recovery  behavior,  the  unrecovered  fraction  of  the  reverse  current  (fl),  the 
annealing  rate  (1/xi)  and  the  activation  energy  (Ea)  are  defined  as: 


=  — ii,  fj  =  exp(-— )  and—  =Voexp(-^)  (2) 

~  4  Tj  Xj 

where  IaA  and  lA  denote  the  current  after  and  before  annealing,  respectively,  Ib  is  the  current  before 

irradiation,  t  is  the  annealing  time,  k  the  Boltzmann  constant  and  Vq  and  T  the  frequency  factor  and 
annealing  temperature,  respectively.  Similar  equations  are  used  to  calculate  Eg  of  the  capacitance. 
Based  on  these  equations,  Ejj  of  reverse  current  and  capacitance  is  calculated  to  be  about  0.35  and 
0.33  eV,  respectively  and  are  slightly  larger  than  those  for  20-MeV  proton  irradiation.  This  result 
means  that  the  Increase  of  reverse  current  by  alpha  ray  irradiation  is  closely  related  to  the  decrease  of 
capacitance  in  the  Sii-xGex  epitaxial  layer  which  is  mainly  caused  by  the  radiation  induced  deep  level. 
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Figure  3  :  Recovery  behavior  of  l/V  (a)  and  C/V  (b)  characteristics  of  20-MeV  alpha  irradiated  x  = 
0.12  diodes  following  isochronal  annealing. 


Conclusions 

The  main  conclusions  which  can  be  made  from  the  present  study  are: 

1.  After  20-MeV  alpha  ray  irradiation,  electron  capture  levels,  associated  with  the  interstital  boron 
complex,  and  hole  capture  levels  are  induced  in  the  Sii-xGex  epitaxial  layers  for  high  fluence,  while 
only  hole  capture  levels  for  low  fluence  have  been  observed  by  DLTS. 

2.  The  degradation  of  the  electrical  performance  of  Sii-xGex  devices  increases  with  increasing 
fluence,  while  it  decreases  with  increasing  germanium  content. 

3.  The  damage  coefficient  for  alpha  ray  irradiation  is  nearly  the  same  as  for  neutron  and  proton 
irradiation  and  is  about  three  orders  of  magnitude  larger  than  that  for  electron  irradiation.  This 
difference  is  due  to  the  different  number  of  knock-on  atoms,  which  is  correlated  with  the  difference 
of  mass  and  the  possibility  of  nuclear  collisions  for  the  formation  of  lattice  defects. 

4.  The  degraded  performance  recovers  by  thermal  annealing.  The  activation  energy  of  reverse 
current  and  capacitance  for  x  =  0.12  diodes  irradiated  by  20-MeV  protons  with  a  fluence  of  1  x 

10l2  l/cm^  is  0.35  and  0.33  eV,  respectively  and  is  slightly  larger  than  those  for  a  20-MeV  proton 
irradiation. 
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POSITRON  ANNIHILATION  STUDY  OF  ELECTRON-IRRADIATED 
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Keywords  :  SiGe,  positron  lifetime,  Doppler  broadening,  electron  irradiation,  vacancy,  annealing 

Abstract.  As-grown  and  electron-irradiated  SijGei-x  bulk  crystals  (Ar=0-0.82)  have  been  studied 
using  positron  annihilation  spectroscopy.  Bulk  positron  lifetime  and  Doppler  parameters  were 
found  to  change  from  the  value  for  Ge  to  that  for  Si  with  increasing  Si  fraction  x.  However,  the 
dependence  was  non-monotonic  at  around  a:=0.20.  Theses  results  seem  to  be  correlated  with  the 
abrupt  change  of  the  band  gap  energy  of  Si^Ge,.,.  After  3  MeV  electron  irradiation,  vacancy-type 
defects  giving  rise  to  the  lifetime  of  280  ps  and  330  ps  were  detected  for  0.63  <  x  <  0.82  and  0.20 
<x<  0.40.  However,  no  vacancy  components  were  observed  for  x  <  0.20.  The  composition- 
dependent  vacancy  production  was  interpreted  in  terms  of  the  thermal  stability  of  vacancies  with 
the  composition.  Through  the  annealing  experiment  for  the  Sio.82Gei2  specimen  after  irradiation,  it 
was  found  that  vacancy-clustering  upon  heating  was  suppressed  and  considerably  shifted  to  high 
temperatures  as  compared  with  the  case  of  Si. 

Introduction 

Silicon-germanium  (SixGei-x)  alloy  forms  a  complete  series  of  solid  solution  [1].  By 
changing  the  alloy  composition,  physical  parameters  such  as  lattice  constant  and  band  gap  energy 
can  be  controlled  at  arbitrary  values  between  those  of  Si  and  Ge  [2-6].  It  is  greatly  interesting  to 
study  defect  properties  in  SixGei.x  alloy  from  a  fundamental  view  point.  Positron  annihilation 
technique  is  a  powerful  tool  not  only  to  study  electronic  state  but  also  to  detect  vacancy-type 
defects  in  crystalline  solids.  It  is  extensively  applied  to  the  study  of  defects  in  semiconductors  [7]. 
Despite,  the  properties  of  vacancy-type  defects  in  SixGei_x  alloy  have  not  been  adequately  studied 
so  far.  In  this  work,  we  investigated  the  annihilation  characteristics  of  positrons  in  SixGei.x  bulk 
state  and  also  the  properties  of  vacancy-type  defects  induced  by  electron  irradiation. 

Experimental 

Specimens  used  in  this  work  were  undoped  Czochralski-grown  p-type  SijGei-x  crystals 
(x=0~0.82).  The  detail  of  the  growth  condition  of  the  crystals  was  reported  in  Ref.  8.  The  residual 
carrier  density  was  of  the  order  of  lO'^  cm‘^.  The  dislocation  density  was  determined  to  be  of  the 
order  of  lO"*  cm'^  by  counting  the  number  of  etch-pit.  The  specimens  were  irradiated  with  3  MeV 
electrons  at  the  fluence  of  IxlO'*  eVcm^  at  about  70^:  using  a  dynamitron  accelerator  in  the  Japan 
Atomic  Energy  Research  Institute.  Isochronal  annealing  up  to  700  °C  with  a  temperature  step 
25  °C  for  20  min  was  carried  out  using  an  electric  furnace  in  a  dry  argon  ambience. 

The  positron  source  (^^NaCl  -0.4  MBq)  was  sandwiched  by  two  specimens  and  positron 
lifetime  was  measured  using  a  conventional  spectrometer  at  room  temperature.  After  subtracting 
the  source  and  background  components,  lifetime  spectmm  was  decomposed  into  two  lifetime 
components  (bulk  and  defect)  using  a  computer  program  of  PATFlT-88  [9]; 
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L(0=(/i/Ti)exp(-//Ti)+(/2/'r2)exp(-?M),  where  /{  (i=l,2)  are  the  intensities  (/i+/2=l)  and  Ti  are  the 
lifetimes.  If  the  two-state  trapping  model  [10]  is  a  good  approximation,  the  above  lifetimes  are  give 
by  Ti=1/(Tb‘*+k),  Tz=Td,  where  Tb  is  the  positron  lifetime  in  the  bulk  state,  Td  the  positron  lifetime 
at  vacancy-type  defects,  and  k  the  positron  trapping  rate  due  to  the  vacancy-type  defects 
The  trapping  rate  is  proportional  to  the  concentration  of  defects.  The  validity 
of  the  analysis  based  on  the  trapping  model  can  be  checked  by  the  difference  of  the  lifetime  Ti 
determined  by  the  fitting  procedure  and  that  expected  from  the  trapping  model.  Doppler 
broadening  measurement  of  the  annihilation  y-rays  was  also  performed  using  conventional  two-y 
coincidence  method  with  two  pure  Ge  detectors.  About  10^  counts  at  peak  position  (511  keV)  were 
accumulated  in  each  spectrum.  The  typical  signal  to  noise  ratio  was  about  5x10^.  The  line  shape 
parameters  (S  and  W)  were  determined. 

Results  and  Discussion 

A.  Positron  annihilation  in  the  bulk  state 

Figure  1  shows  Doppler  broadening  sftectra  obtained  for  Ge,  Sio.63Geo.37  and  Si  specimens. 
The  energy  shift  AE=1  keV  corresponds  to  the  electron  momentum  p=0.54  a.u.  The  spectmm  for 
Ge  is  broader  than  that  for  Si  in  the  high  momentum  region  (i.e.,  AE  >  3  keV).  The  spectrum  for 
Sio.63Geo.37  shows  an  intermediate  shape  between  Ge  and  Si.  The  above  result  suggests  that  core 
electrons  of  Ge  have  a  higher  contribution  to  the  annihilation  of  positrons  than  that  of  Si.  It  is  in 
good  agreement  with  recent  theoretical  calculations  [11,12].  Figure  2(a)  shows  the  dependence  of 
the  line  shape  parameters  (S  and  W)  on  the  Si  fraction  x.  Here,  S  and  W  parameters  were 


Fig.l  Doppler  broadening  spectra.  Energy 
shift  AE=lkeV  corresponds  to  electron 
momentum  p=0.54  a.u. 


Fig.  2  (a)  Doppler  parameters  (S&W) 
and 

(b)  bulk  lifetime  as  a  function  of  x. 
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normalized  by  the  values  of  Si  and  Ge,  respectively.  These  parameters  vary  between  the  values  for 
Ge  and  Si  depending  on  x.  The  mirror-like  behaviors  of  S  and  W  parameters  simply  show  that  the 
increase  (or  decrease)  in  the  annihilation  rate  with  core  electrons  correlates  with  the  decrease  (or 
increase)  in  the  annihilation  rate  with  valence  electrons,  or  vice  versa.  It  should  be  noted  that  the 
variation  of  the  parameters  with  x  is  discontinuous  at  around  jr=0.20.  This  is  discussed  later. 

For  the  as-grown  specimens,  the  two-component  analysis  of  lifetime  spectra  was  not 
available  and  hence  only  one  lifetime  component  was  obtained.  This  shows  that  positrons 
annihilate  through  the  delocalized  state  and  not  through  the  trapped  state  at  defects.  As  shown  in 
Fig.  2(b),  although  the  bulk  lifetime  changes  from  235.6±0.6  ps  (bulk  lifetime  for  Ge)  to  221. 8± 
0.6  ps  (bulk  lifetime  for  Si)  by  changing  x,  the  dependence  is  non-monotonic  at  around  Ar=0.17- 
0.20  as  well  as  the  cases  of  S  and  W  parameters. 

Now  we  discussed  about  the  non-monotonic  change  of  the  bulk  lifetime  and  Doppler 
parameters.  Since  the  lattice  constant  of  Si^Gci.,  bulk  crystal  obeys  approximately  to  Vegard’s  law 
[2,3],  it  is  simply  expected  that  the  bulk  lifetime  and  Doppler  parameters  have  monotonic 
dependences  on  the  alloy  composition.  Therefore,  the  non-monotonic  change  of  the  bulk  lifetime 
and  Doppler  parameters  at  around  x=0.17~0.20  could  not  be  explained  by  Vegard’s  law.  It  is  also 
hardly  expected  that  the  non-monotonic  change  reflects  some  ordered  structures  as  observed  for 
Si/Si^Gej.,  strained  superlattice,  since  SixGe,.,  bulk  forms  a  completly  random  system  [13,14]. 
Here,  it  is  interesting  to  note  that  the  above  non-monotonic  change  is  similar  to  that  of  the  band 
gap  of  SixGei-x  alloy  at  x=0.15~0.25  due  to  the  switch  of  conduction  band  minima  from  the  Ge-like 
L  points  to  the  Si-like  X  points  [2,4-6].  Possibly,  the  non-monotonic  change  is  explained  as  the 
change  in  positron  annihilation  characteristics  which  is  related  to  the  change  in  the  electronic 
structure  of  SixGei.x  alloy.  The  positron  annihilation  rate  with  valence  electrons  is  basically 
determined  by  the  valence  electron  density  felt  by  positrons.  The  annihilation  rate  is  enhanced  by 
the  correlation  effect  that  positrons  tend  to  gather  electrons  around  themselves.  According  to  Bandt 
and  Reinheimer  [1.5],  the  enhancement  factor  is  a  function  of  dielectric  constant.  Puska  shows  that 
the  enhancement  factor  for  semiconductors  may  be  given  by  (1-1/e),  where  e  is  the  dielectric 
constant  [16].  This  means  that  electrons  respond  to  positrons  through  the  dielectric  polarization. 
The  dielectric  constant  of  semiconductors  correlates  with  the  band  gap.  The  dielectric  constant  for 
SixGei.x  varies  depending  on  the  alloy  composition  [17].  It  is  therefore  expected  that  the  bulk 
lifetime  of  SixGe^x  alloy  is  expected  to  show  a  non-monotonic  change  at  which  the  band  gap 
changes  discontinuously. 

B.  Vacancy  production  by  electron  irradiation 

Figure  3  shows  the  positron  lifetime  spectra  for  the  Sio.82Geo.i8  specimen  before  and  after  3 
MeV  electron  irradiation.  An  apparent  increase  in  the  lifetime  is  observed  suggesting  the 
introduction  of  vacancy-type  defects  due  to  irradiation.  Figure  4  shows  the  positron  lifetimes  (Ti 
and  Ti)  and  the  intensity  after  the  irradiation  as  a  function  of  x.  It  is  found  that  the  lifetime  T| 
agrees  well  with  that  expected  from  the  two-state  trapping  model.  This  assures  that  the  first  and 
second  components  are  related  to  the  positron  annihilations  in  the  bulk  and  vacancy-type  defects, 
respectively.  As  seen  from  Fig.  4,  (i)  no  second  lifetime  component  due  to  vacancy-type  defects  is 
observed  for  x  <  0.17,  (ii)  the  lifetime  T2~330  ps  related  to  vacancy-type  defects  is  observed  for 
0.20  <x  <  0.40  and  the  intensity  has  a  plateau  up  to  x=0.40  and  (iii)  the  lifetime  T2  decreases  to 
280  ps  and  the  intensity  increases  for  x  >  0.63. 
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Fig.3  Positron  lifetime  spectra  for  the  Sio.82Geo.,8  Positron  lifetimes  T,  and  h  and  intensity 

specimen  before  and  after  3  MeV  electron  I2  obtained  for  3  MeV  electron  irradiated  Si^Gei-x 
irradiation  with  a  fluencen  of  IxlO'*  e'/cm^.  as  a  function  of  Si  fraction  x. 

Monovacancies  in  Ge  are  reported  to  disappear  far  below  room  temperature  [18]. 
Divacancies  in  Ge  were  proposed  to  be  unstable  even  at  room  temperature  [19].  Thus,  it  is 
probable  that  both  monovacancies  and  divacancies  may  disappear  in  the  Ge-rich  region  (x  <0.17) 
since  the  crystals  have  a  character  similar  to  Ge.  The  absence  of  vacancy  clusters  in  the  region  is 
explained  in  terms  of  the  rapid  disappearance  of  divacancies  before  agglomeration.  Monovacancies 
in  Si  are  also  mobile  and  disappear  at  sinks  or  form  divacancies  or  vacancy-impurity  complexes 
below  room  temperature  [20].  Divacancies  in  Si  are  stable  at  room  temperature  and  to  form 
vacancy  clusters  such  as  quadrivacancies  at  300-350°C  [21,  22].  It  is  therefore  expected  that 
divacancy-like  defects  and  vacancy-impurity  complexes  are  the  major  defect  species  in  the  Si-rich 
region  (x  >  0.63)  since  the  crystals  have  a  character  similar  to  Si.  The  observed  lifetime  T2~280  ps 
in  the  region  seems  to  be  an  weighted  average  among  these  vacancies.  The  lifetime  T2~330  ps  in 
the  intermediate  region  (0.2  <  jc  <  0.40)  suggests  the  presence  of  vacancy  clusters  larger  than 
divacancies.  Probably  vacancies  have  intermediate  mobilities  between  those  in  Si  and  Ge.  It  is 
therefore  expected  that  divacancies  move  or  dissociate  slowly  so  that  vacancy  clusters  such  as 
trivacancies  and  quadrivacancies  can  be  formed. 

It  is  interesting  to  note  that  vacancies  start  to  survive  atx=0.17~0.20  where  the  conduction 
band  minima  switch  from  the  Ge-like  X  points  to  the  Si-like  L  points.  This  indicates  that  the 
stability  of  vacancies  in  Si^Gej.,  alloy  is  related  to  the  electronic  structure  of  the  alloy.  It  is 
probably  because  the  electronic  structure  of  crystal  correlates  with  the  strength  of  crystal  bonding. 
For  instance,  the  increase  in  the  band  gap  energy  is  closely  related  to  the  increase  in  the  strength  of 
crystal  bonding  in  the  case  of  group  fV  semiconductors.  Since  the  motion  of  a  vacancy  requires  the 
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bond  cuttings  of  the  neighboring  atoms,  the 
stability  of  vacancies  may  depend  on  the  detailed 
electronic  structure  of  crystal. 


100  200  300  400  500  600  700  800 
ANNEALING  TEMPERATURE  (  °C) 


^  *'****^^V  ■  C.  Annealing  of  irradiation-induced  vacancies 

g  ^  •  Figure  5  shows  annealing  behaviors  of 

?  ^  lifetimes  and  intensity  for  the  Sio.82Geo.i8 

°  ^  '  specimen  irradiated  with  3  MeV  electrons  at  a 

350  Irradiated  Sio.saGeo.ia  fluence  of  IxlO'*  e'/cm^.  The  lifetime  Ti  agrees 

I  with  that  expected  from  the  trapping  model 

300  -  ^2  I  -  suggesting  the  second  lifetime  component 

„  represents  vacancy-type  defects.  The  lifetime  ti 

■2=  250  -  ;  -  is  about  280  ps  and  changes  as  280  ps  275 

1  ,'^Buik  ps  — »  300  ps  275  ps  ^  330  ps  at  150°C, 

S  .  350  “C,  550  °C  and  600  °C,  respectively.  At 

these  annealing  temperatures,  the  intensity  I2 
^  increases  and  then  decreases,  increases  again  and 

S7  t, -model  finally  diminishes.  At  700  °C  ,  intensity  I2 

'mo'aw  30o'40o'50o'60o'7Sril)o  '•caches  the  detection  limit  and  the  lifetime  T, 

ANNEALING  TEMPERATURE  (  X)  fully  recovers  to  the  bulk  lifetime. 

It  is  known  that  in  the  case  of  lightly 
Fig.  5  Positron  lifetimes  (Ti  and  Zj)  and  intensity  doped  Si  small  vacancies  generated  by  electron 
I2  for  the  irradiated  Sio.82Geo.i8  specimen  as  a  irradiation  develops  to  large  vacancy  clusters 
function  of  annealing  temperature.  upon  heating  and  hence  the  positron  lifetime  has 

a  tendency  to  increase  at  elevated  temperatures 
[22].  Whereas  in  the  heavily  doped  case  vacancy-impurity  interaction  is  a  dominant  process  and 
hence  positron  lifetime  does  not  increase  drastically  and  sometimes  decreases  [23].  The  above 
results  seems  to  be  similar  to  the  case  of  heavily  doped  Si.  Probably,  vacancy-impurity  interaction 
is  a  dominant  defect  reaction  below  600  °C.  If  we  think  that  this  specimen  (Sio.82Geo.i8)  is  a 
heavily  Ge-doped  Si,  vacancies  at  Si  site  easily  interact  with  Ge  atoms.  Since  the  atomic  radius  of 
a  Ge  atom  (1.23  A)  is  slightly  larger  than  that  of  a  Si  atom  (1.17  A),  the  dilatational  strain  field 
may  be  formed  around  Ge  atom  site.  Thus,  vacancies  will  be  bound  at  Ge  atom  site.  The  lifetime  of 
positron  trapped  at  a  vacancy-Ge  complex  may  be  shorter  as  compared  to  as  isolated  vacancy  since 
the  effective  open  volume  of  the  complex  is  smaller  due  to  the  larger  atomic  radius  of  a  Ge  atom. 
In  addition,  excess  core  electrons  of  a  Ge  atom  also  results  the  shortening  of  the  positron  lifetime. 
Possibly,  the  decreases  in  the  lifetime  T2  at  150  °C  and  550  t)  may  be  caused  by  the 
combination  of  vacancy-type  defects  with  Ge  atoms.  The  increases  in  the  lifetime  T2  at  350  C 
and  600  °C  may  be  caused  by  the  dissociation  of  vacancy-Ge  complexes  and/or  vacancy¬ 
clustering.  The  lifetime  T2  ~330  ps  observed  after  the  annealing  at  600  °C  is  comparable  to  the 
lifetime  of  a  positron  trapped  at  trivacancy  or  quadrivacancy  in  Si.  For  instance,  quadrivacancies 
in  Si  are  formed  due  to  the  migration  and  combination  of  divacancies  at  300-350  °C.  The  above 
clustering  temperature  600°C  is  somewhat  higher  as  compared  to  the  case  of  Si.  This  indicates 
that  the  existence  Ge  atoms  retards  the  growth  of  vacaney-clusters. 
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Summary 

The  results  of  this  work  are  summarized  as  follows:  The  bulk  positron  lifetime  and 
Doppler  parameters  of  Si^Gei.x  bulk  crystal  show  a  non-monotonic  change  at  around  x=0. 17-0.20. 
This  phenomenon  is  very  similar  to  the  abrupt  change  of  the  band  gap  width  of  Si^Gej-x  bulk 
crystal.  In  irradiated  SixGcj.x  crystals  vacancy-type  defects  are  observed  for  x  >  0.20  but  not  for  x  < 
0.17.  This  implies  that  the  mobility  of  vacancies  depends  on  the  electronic  structures  of  crystal 
itself.  From  the  annealing  behavior  of  the  positron  lifetime,  it  is  found  that  vacancy-clustering  is 
suppressed  unlike  to  the  case  of  lightly-doped  Si.  This  may  be  due  to  the  strong  interaction 
between  vacancies  and  Ge  atoms. 
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ELECTRONIC  PROPERTIES  OF  DEFECTS  INTRODUCED  IN  n-  AND  p-TYPE 

Sii.xGe*  DURING  ION  ETCHING 

S.A.  Goodman,  F.D.  Auret,  M.  Mamor,  P.  N.  K.  Deenapanray  and  W.E.  Meyer 

Physics  Department,  University  of  Pretoria,  Pretoria,  0002,  SOUTH  AFRiCA 

Key  Words  :  SiGe,  ion  etching,  particle  irradiation,  defects. 

Abstract.  Surface  processing,  and  in  particular  dry  or  plasma  etching  of 
semiconductors  is  a  key  technology  for  device  processing.  As  ion  assisted  etching 
becomes  more  widely  and  routinely  applied  for  device  fabrication,  especially  for  smaller 
dimensions,  it  is  important  to  understand  the  damage  introduced  by  the  processing 
itself.  Low  energy  particle  bombardment  also  plays  an  important  role  in  controlling  the 
growth  and  properties  of  MBE  grown  Si  and  SiGe  layers.  We  have  used  deep-level 
transient  spectroscopy  (DLTS)  in  an  investigation  of  the  electronic  properties  of  defects 
introduced  in  phosphorus  doped  n-type  Sii.„Ge„  (x  =  0  to  0.25)  during  1  keV  He-ion- 
etching  and  those  introduced  by  0.75  keV  Ar-ion  etching  of  boron  doped  p-type 
Sii.xGe„  (x  =  0  to  0.15).  The  defects  introduced  during  this  ion  etching  are  compared  to 
those  detected  after  a-particle  irradiation,  sputter  deposition  and  electron  beam 
deposition  (no  shielding  of  secondary  electrons). 

Irrtroduction 

Recent  advances  in  the  growth  of  strained  SiGe  on  graded  SiGe  buffer  layers  has  led  to 
the  development  of  heterostructures  with  superior  carrier  transport  properties  [1].  The 
gap  in  performance  between  n-  and  p-type  SiGe  devices  is  expected  to  shrink,  which 
could  possibly  lead  to  the  development  of  more  complementary  structures  using  SiGe 
[2],  The  fabrication  of  these  electronic  and  optoelectronic  devices  involve  a  series  of 
processing  steps.  During  processing  steps,  such  as  particle  bombardment  during  thin 
film  growth  to  enhance  dopant  incorporation  [3]  and  ion-etching,  the  material  is  exposed 
to  energetic  particles.  It  is  well  known  that  exposure  of  semiconductors  to  energetic 
particles  can  lead  to  defect  introduction.  As  ion  assisted  etching  becomes  more  widely 
and  routinely  applied  for  device  fabrication,  especially  for  smaller  dimensions,  it  is 
important  to  understand  the  damage  introduced  by  the  processing  itself.  Low  energy 
particle  bombardment  also  plays  an  important  role  in  controlling  the  growth  and 
properties  of  MBE  grown  Si  and  SiGe  layers  [4]. 

Experimental 

For  this  study  epitaxial  SiGe  layers  were  grown  by  chemical  vapor  deposition  (CVD).  A 
lightly  doped  (4  -  6  x  10^®  cm'^)  Si  buffer  layer  was  first  grown  between  625  and  TOO^C 
on  (100)  p*  and  n*  silicon  substrates  for  p-  and  n-type  SiGe,  respectively.  The  boron 
and  phosphorous  doping  of  the  epitaxial  SiGe  layers  as  determined  by  capacitance 
voltage  (C-V)  measurements  was  between  1x10^^  and  3x10"cm^  The  carrier 
density  profiles  of  the  layers  were  uniform.  The  SiGe  layer  thickness  and  dopant 
concentrations  have  been  selected  to  avoid  the  potential  interference  from  the  Si  /  SiGe 
interface  when  conducting  the  DLTS  [5]  measurements.  The  n-  and  p-type  sample 
specifications  are  listed  in  Table  1.  From  Table  1  it  can  be  seen  that  the  n-type 
epilayers  are  relaxed  to  a  certain  degree.  This  relaxation  is  probably  due  to  some 
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tetragonal  distortion  of  the  cubic  lattice  cell  of  the 
SiGe  or  to  a  lesser  due  to  the  introduction  of  misfit 
dislocations  [6].  From  X-ray  diffraction 
measurements,  it  was  confirmed  that  there  was  no 
lattice  relaxation  in  the  p-SiGe  epilayers.  The 
thickness  of  the  strained  p-type  epitaxial  layers 
varies  between  280  nm  for  material  containing 
15%  Ge  and  386  nm  for  the  5%  Ge  material. 
The  thickness  of  the  5,  10  and  15  %  Ge  epilayers 
are  well  below  the  experimentally  [7]  and 
theoretically  [8,9]  calculated  critical  layer  thickness 
(h^).  After  wet  chemical  cleaning  using 
trichloroethylene  and  isopropanol  and  etching 
using  a  buffered  HF  :  H2O  (1  :  50)  solution,  the  p- 
type  samples  were  exposed  to  0.75  keV  Ar-ions  in 
a  modified  high  vacuum  evaporator  system,  and 
the  n-type  material  to  1  keV  He-ions  in  the  ultra-high  vacuum  system  of  an  Auger 
electron  spectroscopy  (AES)  system.  After  Ar-ion  etching,  circular  Ti  contacts,  (0.77 
mm  in  diameter  and  200  +  5  nm  thick),  were  deposited  onto  the  p-Sii.^Ge^  through  a 
metal  contact  mask  by  electron-beam  (e-beam)  evaporation.  A  shield  was  positioned 
such  that  no  stray  electrons  from  the  filament  were  able  to  reach  the  ion  etched 
surfaces.  After  He-ion  etching  the  n-type  samples  they  were  again  chemically  cleaned 
and  etched  prior  to  the  resistive  evaporation  of  Au  Schottky  contacts  through  a  metal 
contact  mask.  The  circular  Au  Schottky  contacts,  were  200  ±  5  nm  thick  and  0.77  mm  in 
diameter.  After  Schottky  diode  fabrication,  ohmic  contacts  were  formed  on  the  backside 
of  both  conductivity  type  samples  using  a  Ga/ln  eutectic.  For  control  purposes,  a 
sample  that  had  not  undergone  ion  etching,  was  metallised  in  parallel  under  identical 
conditions  as  the  ion  etched  material. 


Table  1. 


n-  and  p-SiGe  sample  specifications 


Carrier 

density 

(cm-’) 

%Ge 

% 

relaxation 

SiGe 

thickness 

(nm) 

n-type 

_ 

2.5  X  10" 

25 

25 

280 

2.5  X  10" 

15 

63 

435 

3.0  X  10" 

10 

18 

480 

2.0  X  10" 

4 

0 

500 

5.0x10” 

0 

N/A 

3000 

p-type 

5.0  X  10” 

0 

N/A 

3000 

1.0  X  10" 

5 

0 

380 

1.0  X  10" 

10 

0 

386 

1.0  X  10" 

15 

0 

280 

Results  and  discussion 


n-Sii.xGe, 

DLTS  of  control  samples,  recorded  using  resistively  deposited  contacts,  indicated  that 
no  defects  with  peaks  between  15  K  and  300  K  are  present  in  appreciable 
concentrations  in  the  unprocessed  n-Sii_,Gex  (0<x<0.25).  From  inspection  of  Fig.  1, 
where  the  DLTS  spectra  of  Si,  where  x  =  0  (curve  (a))  and  x  =  0.04  (curve  (b))  are 
presented,  it  is  evident  that  several  electron  defects  are  introduced  during  the  He-ion 
etching  process.  After  etching  Si,  where  x  =  0,  four  electron  defects,  EHel,  EHe2, 
EHe4  and  EHe6  were  introduced  in  the  band  gap.  When  Sio.96Geoo4.  is  sputter  etched 
with  He-ions,  two  additional  defects  EHe3  and  EHe5  are  introduced.  When  comparing 
the  defects  detected  after  He-ion  etching  (curves  a  and  b  of  Fig.  1)  to  those  detected 
after  5.4  MeV  a-particle  irradiation  (curves  a  and  b.  Fig.  2)  and  to  those  after  sputter 
deposition  (curves  c  and  d.  Fig.  2),  it  was  noted  that  certain  defects  introduced  during 
the  He-ion  etch  process  have  the  same  DLTS  “signatures”  as  defects  after  the  sputter 
deposition  processes  (ESI  -  ES7),  but  none  were  the  same  as  those  introduced  during 
the  a-particle  irradiation.  In  Si  seven  discrete  level  defects  (DLDs)  were  detected  (ESI  - 
ES7),  with  ES4  and  ES5  being  the  dominant  defects  in  the  spectra.  In  the  Si^. 
,Ge/(x>0)  the  same  7  defects  are  detected,  however,  they  are  masked  by  the 
presence  of  a  band  of  continuous  level  defects  [10]  (CLDs)  in  the  band  gap  of  the  SiGe. 
Thus  both  DLDs  and  CLDs  are  detected  in  the  material  containing  Ge.  Defects  EA1 
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Temperature  (K)  Temperature  (K) 


Figure  1.  DLTS  spectra  of  n-Sii.^Ge,  Figure  2.  DLTS  spectra  of  n-Si^.^Ge, 

(0<  x<  0.04),  after  1.0  keV  He-ion  (x  =  0  and  0.04),  after  5.4  MeV  alpha 

etching.  Spectra  were  recorded  at  a  particle  irradiation  (a  &  b)  and  after 

LIA  frequency  of  46  Hz.  sputter  deposition  of  Au,  (c  &  d). 

and  EA2  are  detected  in  both  Si  and  SiGe.  These  defects  are  believed  to  be  the  two 
charge  states  of  the  divacancy  (EA1:  V"'"  and  EA2:  V""*)  [11],  it  is  also  possible  that 
EA2  is  the  vacancy-phosphorous  complex  (V-P)  or  a  complex  of  a  V-P  center  with  a 
divacancy.  Defect  EA3,  however,  is  only 

detected  in  material  containing  Ge.  It  has  Table  2.  dlts  "signatures"  of  defects 

been  found  that  the  defects  introduced  by  introduced  during  He-ion  etching,  and 

low  (1  keV)  and  high  energy  (5.4  MeV)  He-ion  and  sputter  deposition  ofn-type  Si. 
bombardment  of  Si  are  totally  different  [12].  ^  :  ^  \\  — ^  , 

This  finding  IS  in  sharp  contrast  to  the  He-ion  fcm»;  |  46  hz 

bombardment  of  epitaxially  grown  n-GaAs,  ewet  o.ii  0.09  75  ' . 

where  four  defects  in  low  energy  bombarded  EHe2  —  —  — 

GaAs  were  the  same  as  the  main  defects  EHe3  '  0.19  3.6 _ tos 

introduced  during  high  energy  He-ion  EHe4  o.za _ 17 _ 157 

bombardment  [13].  A  comparison  of  the  — - - iZ - 121 - 

DLTS  "signatures"  of  these  defects  with  those  — ewee  _  0.52 - 4.7  —  267 

detected  after  5.4  MeV  a-particle  irradiation  - ^ - - - ^ — 

using  a  radionuclide  and  RF  sputter 

deposition  of  Au  SBDs  is  presented  in  Table  es4  0.299  ~  6.7  ~  tsa 

2.  From  this  comparative  study  it  is  evident  ess  0.431 _ Z7 _ 229 

that  EHe3  detected  after  He-ion  etching  of  gss _ = _ = _ = _ 

material  containing  Ge  is  similar  to  ES2  _ . 

detected  after  sputter  deposition  of  Au  on  — — - — - — - — — 

material  containing  Ge.  Defect  EHe4,  - — - — - — - - 

detected  in  material  where  there  is  no  Ge,  is  yj,g  value  of  Ej  is  the  depth  of  the  energy  levei 
similar  to  defect  ES4  detected  in  the  same  the  conduction  band,  ah  dlts  spectra 

mstsrisl.  From  this  toblo  it  is  3lS0  ©vidont  thst  conditions:  a  quiescent  reverse  bias  (V^)  of  0.5  V 

EA2  and  EA3  have  the  same  position  in  the  and  a  forward  bias  (Vp)  of  O.SV.  The  scan  rate 
band  gap,  however,  they  are  observed  at  waso.osKs. 

different  temperature  positions  in  the  DLTS  spectra,  because  of  the  large  difference 
(factor  of  at  least  100)  in  their  capture  cross-section.  The  DLTS  signature  of  EA3  was 
approximated  by  graphical  manipulation  and  subtracting  the  spectra  obtained  for  the 
material  containing  no  Ge  from  the  spectra  of  the  material  with  4  %  germanium.  From 
this  section  of  the  study  we  believe  defect  EHe5  is  definitely  related  to  the  presence  of 
germanium  as  the  EHe5  concentration  increases  with  increasing  Ge  content.  Defect 


Defect  label 

Er  (eV) 

o-„x70-" 

(cm‘) 

rp.».  (K) 
46  Hz 

EHel 

0.11 

0.09 

75 

EHe2 

_ 

— 

— 

EHe3 

0.19 

3.6 

108 

EHe4 

0.28 

1.7 

157 

EHeS 

0.36 

3.7 

193 

EHeS 

0.52 

4.7 

267 

ESI 

0.13S 

2.6 

60 

ES2 

0.17S 

3.3 

100 

ESS 

0.175 

0.002 

137 

ES4 

0.299 

6.7 

158 

ESS 

0.431 

2.7 

229 

ESS 

— 

— 

— 

ES7 

0.563 

1.7 

310 

EA1 

0.24 

2.3 

136 

EA2 

0.44 

7.6 

226 

EA3 

0.44 

0.07 

'  274 

The  value  of  Ej  is  the  depth  of  the  energy  level 
below  the  conduction  band.  All  DLTS  spectra 
were  acquired  under  the  following  DLTS  pulse 
conditions:  a  quiescent  reverse  bias  (V,)  of  O.SV 
and  a  forward  bias  (Vp)  of  0.8  V.  The  scan  rate 
ivas  0.08  X.s'. 
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EHe4  on  the  other  hand,  is  related  to  the  presence  of  Si,  as  the  EHe4  concentration 
decreases  with  increasing  Ge  content. 


P-Si,,cGe„ 

As  illustrated  in  Fig.  3,  0.75  keV  Ar-ion  etching  introduced  numerous  defects  in  p-SiGe. 
It  is  also  evident  that  certain  defects  are  only  present  in  material  that  contains  Ge. 
Figure  4  depicts  the  DLTS  spectra  of  one  of  the  major  defects  (HAr2a),  detected  in  Ar- 
ion  etched  p-Sio  gsGeo  ^  a  defect  (He2)  detected  after  electron  beam  deposition  of  Ti  (no 
shielding  of  secondary  eiectrons)  and  Hal5  detected  after  5.4  MeV  alpha  particle 


Figure  3.  DLTS  spectra  of  p-Si,.^Ge^ 
(0<x<0.15),  after  0.75  keV  Ar-ion 
etching.  Spectra  were  recorded  at  a 
LIA  frequency  of  46  Hz. 


Temperature  (K) 

Figure  4.  DLTS  spectra  of 
p-Sii,.,s.Geo,os  after  0.75  keV  Ar-ion 
etching  (a),  after  e-beam  deposition 
with  no  shieiding  (b)  and  after  a- 
particie  irradiation  (c). 


irradiation.  A  comparison  of  the  DLTS  “signatures"  of  an  Ar-ion  induced  defect  as  a 
function  of  increasing  Ge  content  and  comparing  this  to  the  change  in  band  gap 
(assuming  that  the  majority  of  the  band  gap  change  is  taken  up  in  the  valence  band) 
[14]  revealed  that  the  activation  energy  followed  a  certain  trend.  Taking  the  band  gap 
change  into  account  it  was  speculated  that  defect  HArld  detected  in  p-Si  is  the  same  as 
HAr2a,  HAr3a  and  HAr4c  detected  in  material  with  5,10  and  1 5  %  Ge,  respectively. 
This  defect  activation  energy  dependence  with  change  in  Ge  content  is  illustrated  in  Fig. 
5.  In  order  to  confirm  this  initial  speculation,  DLTS  depth  profiling  was  performed  by 
recording  spectra  at  fixed  but  incrementing  Vp  in  small  steps  from  one  scan  to  the 
next.  The  approach  of  Zohta  et  al  [15]  was  then  used  to  obtain  the  defect  concentration 
as  a  function  of  depth  below  the  interface.  Figure  6  illustrates  the  defect  distribution 
profile  of  the  four  defects  introduced  in  material  with  different  Ge  contents  that  are 
beiieved  to  be  the  same  defect.  Although  defect  HAr4c  detected  in  the  material  with 
15  %  Ge  has  the  same  profile  shape  it  has  a  slightly  lower  concentration,  this  is  possibly 
due  to  inaccuracies  in  the  DLTS  profiling  caused  by  the  defect's  broad  DLTS  peak  due 
to  alloy  broadening.  From  previous  studies  we  believe  that  the  defect  concentration 
should  increase  exponentially  towards  the  surface,  the  region  of  uniform  defect 
distribution  may  be  accounted  for  by  incomplete  defect  filling  near  the  surface  due  to 
pinning  of  the  Fermi  levei  caused  by  the  region  of  high  disorder  near  the  surface 
resulting  from  the  impinging  Ar-ions.  From  this  evidence  we  conciude  that  it  is  indeed 
the  same  defect.  This  defect  which  is  pinned  to  the  conduction  band  has  an 
introduction  rate  which  is  independent  of  Ge  content.  A  comparison  of  defect  signatures 
after  the  three  different  defect  introduction  processes  mentioned  above  is  listed  in  Table 
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3.  Defect  HArld  is  also  detected  in  a-irradiated  material  (Hal2)  and  electron  beam 
prepared  material  (He2),  defects  HAr2a,  Hal5  and  He2  (5  %)  are  also  similar.  In 
material  with  10  %  Ge,  defect  HAr3a  has  similar  electronic  properties  as  Hal7  and  He2. 


Ge  fraction  (xj 

Figure  5.  Calculated  band  gap  change 
with  variation  in  Ge  content.  Change  in 
activation  energy  of  the  major  defect 
detected  in  Ar-ion  irradiated  p-SiGe. 


Figure  6.  Depth  profiles  of  the  major 
defect  in  0.75  keV  Ar-ion  etched  p- 
SiGe.  The  characteristic  length  and 
surface  defect  concentration  are 
derived  [16]. 


Table  3.  DLTS  “signatures”  of  defects  introduced  by  0.75  keV  Ar-ion  etching,  5.4  MeV  a- 
irradiation  and  electron  beam  deposition  (no  shielding)  in  p-Sii.„Ge„  (0<x<  0.15). 


5.4  MeV  alpha  particles 

0.75  keV Ar-ion  etching 

Defect 

% 

Bt 

ff„Xl0r^‘ 

Tpe,*  (K) 

Defect 

% 

Bt 

cr„  X  1(7'’ 

(K) 

label 

Ge 

(eV) 

(cm^) 

(46  Hz) 

label 

Ge 

(eV) 

(cm^) 

(46  Hz) 

Halt 

0 

0.165 

10 

117.9 

HArla 

0 

0.166 

6.2 

Hal2 

0 

0.525 

960 

241.5 

HArIb 

0.258 

33 

143.4 

Hal3 

5 

0.078 

3.5 

54.3 

HArIc 

lEiii 

0.373 

42 

199.0 

Hal4 

5 

0. 134 

2.1 

90.9 

HArld 

0,529 

1400 

Hals 

5 

0.464 

530 

220.0 

HArle 

0 

0.559 

160 

274.0 

Ha!6 

10 

1.4 

65.0 

HAr2a 

0.462 

340 

222.7 

Hal? 

10 

280 

196.6 

IIB 

0.540 

320 

258.2 

1  Electron  beam 

10 

0.404 

210 

201.6 

He1 

10 

0.509 

810 

236.2 

HAr4a 

15 

0.126 

140 

69.9 

He1 

15 

0.502 

960 

■m 

HAr4b 

mm 

0.155 

1.2 

105.2 

He2 

0 

0.525 

940 

241.7 

HAr4c 

mm 

0.342 

120 

176.3 

He2 

5 

510 

221.8 

mm 

130 

233.6 

He2 

10 

240 

He2 

15 

0.350 

240 

165.8 

1 

Conclusions 

From  this  study,  it  is  evident  that  He-ion  etching  of  n-Sii.,Ge,<  (0  <  x  <  0.25)  introduced 
six  discrete  level  electron  traps  (EHel  -  EHe6)  in  the  band  gap  two  of  which  could  only 
be  detected  for  x  ?£  0.  From  a  comparison  of  the  DLTS  “signatures”  of  our  work  and 
reported  works,  we  have  shown  that  three  of  these  defects  (EHe2,  EHe4  and  EHe6)  are 
the  same  as  those  detected  in  silicon.  For  material  containing  as  little  as  4  % 
germanium  two  additional  defects  are  detected  (EHe3  and  EHe5).  It  was  seen  that 
these  He-ion  induced  defects  are  positioned  close  to  the  metal-semiconductor  interface. 
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The  possibility  of  field  enhanced  emission  influencing  the  DLTS  peak  positions  and 
hence  the  “signatures”  must  be  taken  into  count  when  these  parameters  are  compared 
to  other  resuits.  When  comparing  only  those  defects  detected  in  material  containing  Ge 
the  following  conclusion  can  be  made;  Defect  EHe3  is  similar  to  ES2  and  EHe4  is 
possibly  the  same  defect  as  ES4.  Contrary  to  what  is  observed  in  n-type  epitaxial 
GaAs,  the  defects  introduced  in  Si  by  low  and  high  energy  He-ion  bombardment  are  not 
the  same.  The  incident  energy  and  angle  of  incidence  may  possibiy  influence  the  defect 
formation  mechanism  in  SiGe. 

A  defect  (HArld)  introduced  in  p-SiGe  during  Ar-ion  etching  was  aiso  detected  after 
aipha-particle  irradiation  and  e-beam  deposition.  This  defect  was  introduced  at  the 
same  rate  regardless  of  the  Ge  content  and  has  an  activation  energy  which  changes  to 
the  same  degree  as  the  band  gap  of  the  strained  p-SiGe  with  increase  in  Ge  content. 
The  defect  is  pinned  to  the  conduction  band  and  has  a  similar  concentration  profile  in 
the  range  of  Ge  contents  investigated  in  this  study.  A  defect  with  a  similar  DLTS 
“signature"  was  detected  by  Troxell  [17],  however,  the  structure  is  as  yet  unresolved. 
The  concentration  of  this  dominant  defect  detected  very  close  to  the  interface,  was 
extrapolated  from  2x10'®  cm  ®  at  the  surface  to  the  10'“'  cm  ®  range  at  280  nm  from  the 
surface.  From  TRIM  [18]  calculations  these  low  energy  Ar-ions  are  only  expected  to 
penetrate  the  SiGe  approximately  0.3  nm.  The  question  arises  why  do  the  Ar-ion 
induced  defects  penetrate  the  SiGe  much  deeper  than  the  penetration  depth  of  the 
incident  particle?  It  is  believed  that  interstitials  created  in  the  Ar  damaged  near  surface 
region  diffuse  into  the  material  [19]  forming  pairs  and  complexes.  This  diffusion  is  an 
important  phenomenon  for  the  device  physicist,  in  particular  where  shallow  junction 
devices  are  concerned. 
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Abstract. 

The  dominant  mechanism  responsible  for  thermal  quenching  of  photoluminescence  from  SiGe 
quantum  wells  (QWs)  grown  by  Molecular  Beam  Epitaxy  (MBE)  is  shown  to  be  the  thermal 
activation  of  an  efficient  non-radiative  recombination  channel,  with  a  rather  low  activation  energy  of 
about  2-5  meV.  A  post-growth  hydrogen  treatment  is  demonstrated  to  be  only  moderately  effective 
in  passivating  the  non-radiative  defects  and  in  reducing  thermal  quenching.  Post-growth  thermal 
annealing  at  high  temperature  (e.g.  >  500  °C)  is,  on  the  other  hand,  shown  to  be  highly  effective  and 
leads  to  a  nearly  complete  removal  of  the  non-radiative  defects.  Experimental  evidence  is  provided  for 
the  dominant  mechanism  responsible  for  this  improvement.  It  is  due  to  a  reduction  of  grown-in  non- 
radiative  defects  such  as  vacancy-related  complexes,  monitored  in  the  Optically  Detected  Magnetic 
Resonance  (ODMR)  experiments.  Selective  optical  excitation  above  and  below  the  bandgap  of  the  Si 
barriers  has  been  used  to  determine  the  relative  contributions  of  non-radiative  recombination  channels 
present  in  the  SiGe  QWs  and  the  Si  barriers. 

Introduction. 

Recent  rapid  advances  in  modern  epitaxial  growth  techniques  have  enabled  the  fabrication  of  high 
quality  Si  epilayers  and  Si-based  low-dimensional  artificial  structures,  and  have  awaken  the  long- 
sought  desire  for  efficient  Si-based  light  detectors  and  emitters,  aiming  at  a  monolithic  integration  of 
both  optical  and  electronic  devices  based  on  the  mature  Si  technology.  However,  a  severe  thermal 
quenching  of  the  luminescence  below  room  temperature  has  so  far  prevented  this  material  system 
from  practical  applications  for  light-emitting  devices  operating  at  room  temperature.  Even  though 
several  mechanisms  for  the  severe  thermal  quenching  have  been  discussed  in  the  literature  in  terms  of 
surface  recombination  [1]  and  the  presence  of  non-radiative  channels  which  are  thermally  activated 
[2,  3],  a  definite  experimental  evidence  as  to  the  chemical  identity  of  the  defects  has  been  lacking. 
This  has  thus  deterred  any  deliberate  elimination  of  these  non-radiative  channels  and  has  undermined 
efforts  in  improving  the  radiative  efficiency  of  the  material. 

Most  recently  we  have  revealed  [4],  by  the  optical  detection  of  magnetic  resonance  (ODMR) 
technique,  several  efficient  grown-in  non-radiative  centers  in  undoped  and  B-doped  Si  epilayers  and 
SiGe/Si  heterostructures  grown  by  molecular  beam  epitaxy  (MBE).  A  dominant  defect  is  proven  to  be 
the  vacancy-oxygen  (V-0)  complex  in  Si.  Experimental  evidence  on  the  formation  mechanisms  of 
these  non-radiative  defects  has  been  provided  as  being  due  to  a  low  surface  adatom  mobility  and  a 
lower  desorption  rate  of  O  contamination  from  the  growing  surface  during  low  temperature  growth, 
and  also  due  to  ion  bombardment  as  occurs  e.g.  during  potential  enhanced  doping.  In  this  work,  we 
provide  direct  evidence  that  these  non-radiative  defects  are  largely  responsible  for  a  rapid  thermal 
quenching  of  luminescence  from  SiGe  quantum  wells  (QWs).  Based  on  the  gained  knowledge, 
educated  attempts  are  made  to  remove  these  non-radiative  defects  by  using  different  post-growth 
treatments,  such  as  hydrogenation  and  thermal  annealing.  A  post-growth  hydrogen  treatment  is 
demonstrated  to  be  only  moderately  effective  in  passivating  the  non-radiative  defects  and  in  reducing 
thermal  quenching.  Post-growth  thermal  annetding  at  high  temperature  (e.g.  >  500  °C)  is,  on  the 
other  hand,  shown  to  be  highly  effective  and  leads  to  a  nearly  complete  removal  of  the  non-radiative 
defects  monitored  in  the  ODMR  experiments.  These  results  correlate  very  well  with  effects  of 
hydrogenation  and  thermal  annealing  on  the  non-radiative  defects  monitored  in  the  ODMR 
experiments.  Selective  optical  excitation  above  and  below  the  bandgap  of  the  Si  barriers  has  been 
used  to  determine  the  relative  contributions  of  nonradiative  recombination  channels  present  in  the 
SiGe  QWs  and  the  Si  barriers. 

Samples  and  methods. 

The  samples  studied  in  this  work  include  undoped  SiGe/Si  single  or  multiple  QWs  (MQWs),  grown 
on  (100)  Si  substrate  by  MBE  with  a  Balzers  UMS  630  Si-MBE  system.  The  growth  rate  was  1-2 
A/sec.  For  comparison,  structures  grown  both  at  low  temperature  ~  420  °C  and  at  high  temperature  ~ 


140 


Defects  in  Semiconductors  -  ICDS-19 


620  °C  were  studied.  Undoped  thin  Si  epilayers  grown  at  the  same  temperature  were  also  studied  to 
separate  the  contribution  from  Si  barriers.  The  undoped  Si  samples  consist  of  a  1000  A  undoped  Si 
buffer  layer,  followed  by  a  2000  A  undoped  Si  layer.  The  undoped  SiGe/Si  QWs  are  typically  32  A 
wide  with  the  Ge  composition  of  about  20  %.  All  the  structures  were  finally  capped  by  a  1000  A 
undoped  Si  layer.  Post-growth  hydrogen  treatment  was  done  at  around  200  °C  for  60  min.  inside  a 
quartz  reactor  with  a  remote  dc  H  plasma  at  a  pressure  of  2.0  mTorr.  The  post-growth  thermal 
annealing  was  carried  out  at  500  °C  for  15  min.  in  an  argon  gas  environment. 

The  photoluminescence  (PL)  experiments  were  carried  out  with  an  Oxford  variable  temperature 
cryostat,  where  the  sample  temperature  could  be  varied  between  2  K  and  300  K.  The  514.5  nm  and 
1090  nm  lines  of  an  Argon-ion  laser  were  used  for  optical  excitation.  PL  emissions  were  first 
dispersed  by  a  Jobin-Yvon  0.5  m  double  grating  monochromator  and  then  collected  by  a  cooled 
North-coast  Ge-detector.  The  ODMR  experiments  were  performed  at  the  X-band  (9.23  GHz)  using  a 
modified  Bruker  ER-200D  ESR  spectrometer,  equipped  with  a  TEqi  1  microwave  cavity  with  optical 
access  in  all  directions.  PL  emissions  from  the  samples,  under  illumination  of  the  UV  multilines 
(333.6  -  363.8  nm)  of  an  Ar+  laser,  were  monitored  by  a  cooled  Ge  detector.  The  ODMR  signal  was 
obtained  by  detecting  a  synchronous  change  in  the  PL  with  field  modulation  of  the  magnetic  field.  A 
derivative  lineshape  of  the  ODMR  is  observed  in  this  case  when  the  magnetic  field  is  modulated  on 
and  off  the  spin  resonance  conditions. 

Experimental  results  and  discussion. 

In  Figure  1  we  show  temperature  dependent  PL  spectra  from  the  SiGe/Si  QWs.  The  detected  PL 
emission  is  cause  by  the  recombination  of  excitons  confined  within  the  QWs,  and  corresponds  to  the 
no-phonon  (X^P),  transverse  optical  (X^O)  and  transverse  acoustic  (X^A)  phonon  assisted 
transitions.  At  liquid  helium  temperature  sharp  and  intense  excitonic  lines  are  observed  from  the 
SiGe/Si  QWs  grown  at  both  420  °C  and  620  °C,  which  is  usually  considered  as  an  evidence  of  a 
superior  quality  of  the  material.  An  increase  in  measuring  temperature,  however,  causes  a  rapid 
decrease  of  the  intensity  of  the  QW-related  emissions.  The  PL  quenching  is  more  drastic  for  the 
samples  grown  at  low  temperatures  -  Fig.  la,  where  the  SiGe  emission  can  no  longer  be  detected  for 
temperatures  as  low  as  40  K.  The  PL  thermal  behavior  is  better  for  the  structure  grown  at  620  °C, 
where  the  QW-related  emission  can  be  detected  up  to  140  K  -  Fig.  lb.  A  qualitatively  similar 
temperature  dependence  of  the  PL  was  observed  when  using  514  nm  and  1090  nm  excitation  sources, 
i.e.  for  both  above  and  below  barrier  excitation  conditions.  A  quantitative  analysis  of  the  Arrhenius 
plot  of  the  integrated  PL  intensity  (Fig.  2  a  and  b)  suggests  that  quenching  occurs  with  the  activation 
energy  of  about  3  meV.  The  obtained  value  is  much  smaller  than  the  energy  depth  of  the  SiGe  QW, 
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Fig.l.  (a)  and  (b)  -  Temperature  dependent  PL  spectra  of  Si/SiGe/Si  QW  structures  grown  at  420  °C 
and  650  °C,  respectively. 
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Fig.  2.  Arrhenius  plots  of  the  integrated  PL  intensity  measured  from  the  Si/SiGe/Si  QWs  grown  at 
420  OC  (a)  and  620  °C  (b)  under  514  nm  (squares)  and  1060  nm  (circles)  excitations.  Open  and  filled 
symbols  correspond  to  the  excitation  power  of  7  W/cm‘2  and  0.35  W/cm'2,  respectively. 

which  is  approximately  80  meV  in  our  structures.  The  onset  of  thermal  quenching  can  be  somewhat 
postponed  by  increasing  the  excitation  power,  without  changing,  however,  the  activation  energy  of 
the  PL  quenching-  Fig.  2  a  and  b. 

The  situation  can  be  improved  by  post-growth  treatments,  such  as  hydrogenation  and  annealing  as 
demonstrated  in  Fig.  3a  for  the  single  QW  (SQW)  structure,  grown  at  420  °C.  The  PL  thermal 
quenching  in  the  hydrogenated  samples  occurs  at  much  higher  temperatures  than  in  the  as-grown 
sample.  However,  a  premature  quenching  of  a  low  activation  energy  ~  4  meV  (seen  by  an  additional 
shoulder  in  the  Arrhenius  plot,  Fig.  3a)  is  still  obvious.  A  more  significant  improvement  of  the  PL 
thermal  behavior  can  be  achieved  by  thermal  annealing.  For  the  SQW  structure  after  annealing  the 
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Fig.  3.  Effect  of  post-growth  treatments  on  the  PL  thermal  behavior  detected  from  the  Si/SiGe/Si 
SQW  (a)  and  MQW  (b)  structures  grown  at  420  o  C.  The  excitation  wavelength  is  5 14  nm. 


142 


Defects  in  Semiconductors  -  ICDS-19 


integrated  PL  intensity  from  the  QWs  remains  unaffected  by  increasing  measuring  temperature  until 
the  intrinsic  activation  from  the  QWs  of  a  finite  depth  is  reached  -  Fig.  3a.  The  effect  of  the  post¬ 
growth  treatments  is  much  weaker  for  the  MQW  structure,  where  intrinsic  activation  from  the  QW 
can  not  be  reached  even  after  annealing  -  Fig.  3b. 

A  rapid  thermal  quenching  of  the  PL  from  the  SiGe/Si  QW  structures  has  in  the  past  been  discussed 
in  terms  of  fast  surface  recombination  [1]  or  the  presence  of  strong  non-radiative  recombination 
centers  [2,  3].  In  the  SiGe/Si  heterostructures  grown  by  the  chemical  vapor  deposition  (CVD) 
technique  PL  thermal  quenching  was  shown  [1]  to  occur  via  thermal  activation  of  nonequilibrium 
carriers  from  SiGe  QWs.  The  luminescence  efficiency  at  high  temperatures  in  such  structures  is 
controlled  by  a  surface  recombination  rather  than  by  bulk  SiGe  or  Si  properties  and  can  be 
substantially  improved  by  proper  surface  passivation.  For  MBE-grown  SiGe/Si  heterostructures  PL 
quenching  was  suggested  [2,  3]  to  occur  due  to  the  thermal  activation  of  some  competing 
nonradiative  channels,  located  presumably  in  the  Si  barriers  [2].  The  chemical  identity  of  these 
competing  defects,  as  well  as  the  formation  mechanism  was  not  previously  understood. 

The  very  low  (=  2-4  meV)  activation  energy  of  the  thermal  quenching  of  the  QW-related  PL  indicates 
[5]  the  prevalence  of  thermally  activated  nonradiative  pathways  in  carrier  recombination  in  MBE- 
grown  Si/SiGe  quantum  structures.  Due  to  this  nonradiative  recombination  the  loss  of  the 
photocreated  carriers  occurs  well  before  they  can  be  thermally  activated  from  the  SiGe  QW.  This 
competing  channel  can  be  partially  saturated  with  increasing  photoexcitation,  as  evident  from  the  shift 
towards  higher  temperatures  of  the  "knee"  in  the  Arrhenius  plot  with  increasing  excitation  power  -  see 
Fig.  2a  and  b.  The  qualitatively  similar  PL  thermal  behavior  detected  under  above-  and  below  barrier 
excitation  indicates  that  non-radiative  centers  are  located  both  in  the  Si  barriers  and  the  SiGe  QW. 
These  non-radiative  defects  are  more  readily  introduced  during  the  low-temperature  growth 
conditions,  since  PL  quenching  occurs  at  significantly  lower  temperatures  for  the  structures  grown  at 
420  °C  -  Fig.l.  The  defects  can  be  partially  removed  by  post-growth  treatments,  among  them  thermal 
annealing  is  shown  to  be  the  most  efficient  -  Fig.3a. 

In  order  to  identify  the  nonradiative  defects  responsible  for  the  fast  thermal  quenching  of  the  QW- 
related  PL  we  employ  the  optically  detected  magnetic  resonance  (ODMR)  technique.  Using  ODMR 
method  we  were  able  recently  to  identify  some  of  the  dominant  non-radiative  defects  in  MBE-grown 
Si  and  SiGe/Si  structures  [4].  One  of  the  dominant  defects,  for  example,  was  shown  to  be  the 
vacancy-oxygen  (V-O)  complex.  This  complex  has  previously  been  demonstrated  [6]  to  be  the 
predominant  defect  introduced  after  bombardment  of  CZ  Si  by  high  energy  particles  (e.g.  electrons). 


Fig.  4.  ODMR  specra  obtained 
from  a  SiGe/Si  SQW  structure 
grown  by  MBE  at  420  C  before 
and  after  post-growth  treatments. 
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Fig.5.  ODMR  spectra  obtained  from  the  Si  layers  grown  by  MBE  at  420  °C  before  and  after  post¬ 
growth  treatments.  The  ODMR  spectrum  from  the  as-grown  layer  is  composed  from  three 
contributions  denoted  as  31p,  2  and  1,  originating  from  three  different  defects. 

We  showed  that  these  defects  can  also  be  introduced  in  the  as-grown  MBE  Si  and  related  structures 
grown  at  low  temperatures,  as  a  result  of  a  low  surface  adatom  mobility  and  a  low  oxygen  desorption 
rate  during  the  low  temperature  growth.  The  formation  of  the  V-0  complex  can  particularly  be 
promoted  by  the  occurrence  of  ion  bombardment  during  e.g.  potential-enhanced  doping.  This  defect 
is  known  to  be  annealed  out  at  a  temperature  higher  than  500  °C,  from  previous  studies  [6]  on  bulk 
CZSi. 

To  examine  the  role  of  the  V-0  complex  and  other  non-radiative  defects  in  the  thermal  quenching  of 
the  PL  from  the  SiGe  QWs,  a  corresponding  study  of  these  defects  by  the  same  post-growth 
treatments  has  been  carried  out.  Fig. 4  displays  the  ODMR  spectra  from  the  as-growth  and  post¬ 
growth  treated  samples.  As  it  can  be  seen,  the  ODMR  lines  are  not  well  resolved  in  the  SiGe/Si 
structures,  possibly  due  to  strong  overlapping  of  contributions  from  both  the  SiGe  QWs  and  the  Si 
barriers.  A  reduction  of  the  ODMR  signal  strength  can,  however,  be  observed  after  the  post-growth 
treatments.  Such  a  reduction  indicates  a  decrease  in  the  concentration  of  the  corresponding  non- 
radiative  defects,  responsible  for  the  improvement  in  the  thermal  quenching  of  the  QW  PL.  To 
separate  the  contribution  by  the  Si  barriers,  a  parallel  study  of  the  Si  epilayers  grown  under  identical 
conditions  but  without  the  SiGe  layer(s)  is  done.  The  resulting  ODMR  spectra  from  both  as-grown 
and  post-growth  treated  Si  epilayers  are  illustrated  in  Fig.5.  Here  a  narrower  ODMR  linewidth  due  to 
the  absence  of  the  strained  SiGe  enables  a  positive  identification  of  each  ODMR  line  to  its 
corresponding  defect.  It  is  clearly  shown  that  the  V-O  defect  can  be  nearly  completely  removed  by 
either  hydrogenation  or  by  thermal  annealing  at  500  °C,  in  agreement  with  the  previously  reported 
annealing  behavior  for  this  defect  in  bulk  CZ  Si  [6].  It  can  also  be  noticed  that  there  is  still  a  defect 
remaining  in  the  hydrogen  treated  sample  (signal  5).  The  origin  of  this  remaining  defect  is  still 
unknown,  argued  to  be  (a)  either  already  present  in  the  as-grown  material  but  obscured  by  the  much 
stronger  ODMR  signals  "2"  and  "1"  from  the  V-O  complex  or  (b)  introduced  by  the  hydrogen 
treatment.  The  effect  of  the  thermal  annealing  on  removing  the  non-radiative  defects  is  proven  to  be 
strongest. 

The  effect  of  the  post-growth  treatments  on  the  non-radiative  defects  and  on  the  thermal  quenching  of 
the  QW-related  PL  correlates  remarkably  well,  establishing  a  direct  link  between  these  defects  and  the 
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PL  thermal  quenching.  It  is  therefore  believed  that  the  non-radiative  defects  in  the  Si  bamers  are  to  a 
great  extent  responsible  for  the  rapid  thermal  quenching  of  the  PL  from  the  SiGe  QWs,  via  strong 
competing  carrier  capture  and  recombination  processes  in  the  barriers  so  that  less  non-equilibrium 
carriers  can  be  trapped  and  recombine  in  the  SiGe  QWs.  We  need  to  point  out,  howler,  that  post¬ 
growth  treatments  are  less  efficient  in  removing  non-radiative  defects  from  the  MBE-grown  SiOe 
material  This  is  evident  from  the  preliminary  PL  thermal  quenching  observed  in  the  ann^led  MQW 
structures  -  Fig.  3b,  as  well  as  from  the  existence  of  nonradiative  recombination  in  the  SiGe  quantum 
structures,  grown  at  620  °C  -  Fig.  lb  and  2b.  The  broader  width  of  the  ODMR  lines  detected  from  the 
SiGe  quantum  structures,  unfortunately,  has  prevented  us  from  a  definite  identification  of  non- 
radiative  defects  in  the  SiGe  material. 

Conclusions  ,  .  ,  r  *  i 

In  summary,  we  have  provided  experimental  evidence  that  grown-in  non-radiative  defects  are  largely 
responsible  for  the  rapid  thermal  quenching  of  luminescence  from  MBE-grown  SiGe  QWs.  A  post¬ 
growth  hydrogen  treatment  is  demonstrated  to  be  only  moderately  effective  in  passivating  the  non- 
radiative  defects  and  in  the  reducing  thermal  quenching.  Post-growth  thermal  annealing  at  high 
temperature  (e.g.  >  500  °C)  is,  on  the  other  hand,  shown  to  be  highly  effective  and  leads  to  a  nearly 
complete  removal  of  the  non-radiative  defects  in  the  Si  barriers  monitored  in  the  ODMR  experiments. 
By  removing  these  non-radiative  defects  and  thus  the  shunt  pass  for  carrier  recor^ination,  a 
significant  improvement  in  the  thermal  quenching  behavior  of  luminescence  from  the  SiGe/Si  single 
QW  structures  has  been  achieved.  The  thermal  quenching,  in  this  case,  is  dominated  by  the  intrinsic 
thermal  activation  of  the  holes  from  the  QWs.  For  the  multi  QW  structure,  the  effects  of  the  post¬ 
growth  treatments  are  less  pronounced  due  to  the  existence  of  thermally  stable  non-radiative  defects 
of  unknown  origin,  located  in  the  SiGe  material.  This  work  points  out  that  further  efforts  are  ^eded 
to  improve  the  quality  of  the  MBE-grown  Si  barriers  and  SiGe  material,  in  order  to  achieve  efficient 
light  emission  of  the  SiGe/Si  quantum  structures  at  room  temperature  in  practical  device  applications. 
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GOLD-RELATED  LEVELS  IN  RELAXED  Sil-xGex  ALLOY  LAYERS:  A  STUDY 
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Abstract.  The  question  of  the  pinning  behavior  of  the  gold-donor  and  acceptor-levels  is  addressed 
in  the  present  investigation.  Gold  doped  n+p  and  p+n  diodes  of  relaxed,  epitaxial  Sii-xGex  of  0  <  x 
<  0.25  are  characterized  with  deep  level  transient  spectroscopy  (DLTS).  Based  on  thermodynamic 
concepts,  it  is  unambiguously  concluded  that  both  levels  are  pinned  to  the  conduction  band.  A  new 
effect  related  to  the  impact  of  the  statistical  distribution  of  Ge  atoms  into  the  lattice  on  the  full  width  at 
half  maximum  of  the  DLTS  peaks  is  clearly  observed. 

1. Introduction 

In  spite  of  the  enormous  attention  addressed  to  point  defects  in  silicon,  some  of  their  fundamental 
aspects  are  still  far  from  being  understood.  Among  them  the  pinning  behavior  of  the  levels  introduced 
iiito  the  gap  by  specific  chemical  species  or  structural  defects  constitute  a  major  issue  in  a  variety  of 
diffusion  controlled  phenomena  or  life  time  engineering.  The  motivation  in  the  present  work  concerns 
the  gold  related  levels  in  silicon.  The  question  as  to  whether  or  not  the  donor  and  acceptor  levels  are 
pinned  either  to  the  conduction  or  to  the  valence  band  or  to  neither  of  them  remains  open.  Concerning 
the  acceptor  level,  three  approaches  have  been  followed  to  answer  this  question:  i)  from  fits  to  the 
emission  rates,  it  has  been  demonstrated  that  the  level  is  pinned  to  the  valence  band  [1];  ii)  from 
photo  capacitance  measurements,  the  opposite  conclusion  of  a  pinning  to  the  conduction  band  has 
been  shown  [2];  finally,  iii)  from  hydrostatic  pressure  measurements  it  has  been  found  that  the 
acceptor  level  moves  independently  from  the  band  edges  [3]. 

Here,  we  propose  to  use  Sii-xGex  alloys  to  handle  the  pinning  question.  Such  compound  allows  for 
a  much  more  sensitive  handling  of  the  gap  than  is  possible  for  Si  either  by  pressure  variation  [3]  or 
by  the  sole  temperature  dependence  of  the  gap  [2].  Figure  1  (a)  illustrating  the  impact  of  the 
temperature  shows  that  an  increase  from  200  K  to  300  K  reduces  the  enthalpy  of  the  gap  by  a  few 
meV  only.  On  the  other  hand.  Fig.  1(b)  shows  that  the  Ge  fraction  x  of  the  alloy  will  induce  a  gap 
shrinkage  of  100  meV  at  any  given  temperature  for  x  varying  from  0  to  25  %,  thus  stressing  the 
advantage  of  using  this  alloy  to  solve  the  question  of  the  pinning  effect. 

2.Thermodynamic  concepts 

A  point  defect  may  be  considered  as  a  thermodynamic  sub-system  immersed  into  the  surrounding 
sermconductor  thermostat,  exchanging  both  free  carriers  and  phonons.  This  approach  has  the  merit  of 
assigning  a  clear  physical  meaning  to  the  quantities  describing  the  carrier  -  exchange  rates  between  a 
given  level  and  the  allowed  bands  [4,  5].  Applying  such  a  concept,  the  thermostat  is  defined  by  its 
gap,  also  defined  as  the  increase  in  Gibbs  free  energy  AGcv(T)  corresponding  to  an  increase  by  one 
in  the  number  of  electron  -  hole  pairs  at  constant  temperature  and  pressure. 


AG,^(T)  =  AH,^{T)-TAS^^iT) 


(1) 


where  AHcv(T)  and  AScv(T)  are,  respectively,  the  enthalpy  and  entropy  change  resulting  from  an 
electron  -  hole  pair  generation.  Experimentally,  Varshni  [6]  found  for  AGcv(T)  the  expression, 


^Gcv(T)  =  AGcvo  “ 


aT^ 

P-\-T 


(2) 


where  AGcvo  =  AHcvo  are  the  values  of  AGcv  and  AHcv  at  0  K  and  a  and  P  are  adjustable 
parameters.  Alex  et  al.  [7]  found  a  =  (4.9±0.2)xl0-4  eV/K,  P  =  (655+40)  K  and  AGcvo  =  1-169 
eV.  Using  the  relations  above  and  the  thermodynamic  definitions,  AHcv(T)  may  now  be  calculated, 

AH,,(r)  =  AH,,o+-^^. 

{P  +  Tf 


(3) 
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Fig.l:  (a)  Gibbs  free  energy  (lower  curve)  and  enthalpy  (upper  curve)  of  silicon  as  a  function  of 
temperature:  (b)  Composition  dependence  of  the  energy  gap  in  Sii-xGex  alloy  for  x  <  0.85  %  [10]. 

The  same  reasoning  applies  to  extract  AScv(T)  [8].  As  shown  in  Fig.  1(a),  the  Gibbs  free  energy 
AGcv(T  )  decreases  with  temperature.  This  decrease  results  from  an  increase  of  the  entropy  term 
accompanying  the  generation  of  an  electron  -  hole  pair.  Applying  the  same  concepts  to  the  defect,  the 
carrier-exchange  rates,  established  at  thermal  equilibrium,  are  given  by. 


^n(p)  -  (^n(p)('^)^c(p)iT)^xp 


^Gn(p)iT) 

icT 


(4) 


where  the  different  quantities  have  their  usual  meaning  [8]  and  AGn(p)(T)  is  expressed  by  a  relation 
similar  to  Eq.  (1).  From  the  thermodynamic  point  of  view,  the  pinning  behavior  has  some 
consequences  on  the  functions  defined  above.  For  instance,  if  the  defect-related  level  is  pinned  to  the 
conduction  band,  AGn  is  constant.  Therefore,  according  to  the  definition  of  entropy  and  owing  to  the 
energy  conservation  law  [8], 

^  dT  dT 

from  which  it  follows  that  the  total  entropy  change  when  exciting  a  hole  from  the  level  to  the  valence 
band,  ASp(T),  is  equal  to  AScv(T).  The  treatment  is  thus  simplified  if  we  are  probing  the  transition 
from’the  defect  level  to  the  conduction  band,  characterized  by  a  constant  AHn.  However,  in  the  case 
of  hole  transition  from  the  level  to  the  valence  band,  the  enthalpy  AHp(T)  is  given  by, 

AHp(T)  =  AHcyiT)-AH„.  (6) 


Using  Eq.  (3),  Eq.  (6)  becomes. 


ah^{t)  =  [ah,^q- 


apr'^ 

ip+rf' 


(7) 


where  the  term  in  brackets  is  the  hole-emission  enthalpy  at  0  K.  The  Arrhenius  treatment  of  Eq.  (4)  is 
straightforward  if  the  function  Cn(p)(T)  is  known.  Experimentally,  the  temperature  range  accessible  is 
however  narrow,  allowing  only  a  slight  variation  of  the  different  functions.  To  overcome  this 
difficulty,  an  alternative  means  of  affecting  the  gap  is  to  use  the  Sii-xGex  alloy  [9,10].  Figure  1(b) 
shows  that  an  increase  of  x  from  0  to  25  %  shrinks  the  gap  by  100  meV.  The  solid  curve  represents 
the  expression  as  obtained  by  Weber  al.  [34]  from  excitonic  transitions  at  20  K  and  corresponds  to. 
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Eg(x,T  =  2QK)  =  U55-QA3x  +  0.206x^  eV .  (8) 

This  equation  is  restricted  to  the  range  0  <  x  <  .85  where  the  Si-like  [100]  X-conduction-band  holds. 
Our  experimentally  investigated  domain  is  entirely  included  in  this  range.  The  temperature  at  which 
Weber  et  al.  [10]  recorded  their  measurements  is  low  enough  for  the  approximation, 
EJx,  T  =  2QK)  =  AGcv(x,  T  =  Q)  =  AHf.^(x,  T  =  0]  to  be  valid.  Figure  1(a)  shows,  indeed,  that 
below  20  K  both  AHcv  and  AGcv  correspond  to  the  values  at  0  K.  On  the  other  hand,  by 
investigating  the  temperature  range  50  K  <  T  <  300  K,  Braunstein  et  al.  [9]  have  shown  that  the  two 
variables  which  affect  the  band  gap,  namely  T  and  Ge  fraction  x  are  independant.  Under  such 
conditions,  the  enthalpy  of  the  electron  -  hole  pair  generation  process  in  the  alloy,  expressed  as  a 
function  of  both  x  and  T,  is  given  by. 


AH,,(x,r)  =  A7/,,(x,0)  +  -^^ 

{P  +  Tf 


(9) 


where  the  first  term  in  the  right  hand  side  corresponds  to  relation  (8).  It  follows  that  in  the  case  of  the 
level  being  pinned  to  the  conduction  band,  AHn  is  independent  on  both  x  and  T.  We  get  therefore, 

Affp(x,0)  =  AH^^,(x,0)-AH„.  (10) 


In  this  relation  AHcv(x,0)  represents  the  semi-empirical  formula  (8)  derived  by  Weber  et  al.  [10]. 
3.The  amphoteric  activity  of  goid 

Based  on  deep  level  transient  spectroscopy,  we  investigate  below  the  carrier  exchanges  between  the 
gold  levels  and  the  allowed  bands.  To  distinguish  between  the  donor  (d)  and  acceptor  (a)  levels  we 
assign  a  second  subscript  to  the  emission  rates  en  and  ep  and  their  corresponding  thermodynamic 
functions.  The  donor  level  (0/-I-),  located  in  the  lower  half  of  the  band  gap,  acts  as  a  pure  hole  trap 
whether  it  is  analyzed  in  pure  Si  or  in  Sii-xGex  alloy:  its  interaction  with  the  conduction  band 
remains  thus  negligible  even  in  the  case  where  the  full  shrinkage  of  the  gap  of  the  alloy  is  taken  up  by 
AHnd-  As  a  consequence,  the  inequality  epd  »  end  holds,  at  least  up  to  x=30  %.  The  acceptor  state 
(0/-),  however,  is  a  midgap  level  and  thus  susceptible  to  interact  simultaneously  with  both  the 
conduction  and  the  valence  band  which  is  essential  in  Sii-xGex-  In  a  reverse  biased  p+n  junction, 
under  steady  state  conditions  the  fraction  of  the  neutral  charged  state  is  given  by. 


[Auf  e„a 

-I-  Cpg 


(11) 


where  ena  and  epa  are  defined  according  to  Eq.  (4),  and  [Au]lot  represents  the  total  electrically  active 
gold  concentration.  When  carrying  out  DLTS  in  such  an  asymmetric  diode,  formed  in  pure  silicon, 
ona  >  epa-  Thus,  the  fraction  of  gold  that  switches  from  the  negatively  charged  state  (filled  state)  to 
the  neutral  charge  state  (empty  state)  is  close  to  unity.  However,  when  analyzing  the  Sii-xGex  alloy, 
two  cases  must  be  distinguished.  If  the  acceptor  level  is  pinned  to  the  valence  band,  the  shrinkage  of 
the  gap  is  taken  up  by  AHna,  which  enforces  the  condition  ena  »  epa-  Thus,  a  significant  shift  to 
lower  temperatures  of  the  DLTS  peak  would  be  observed  without  any  change  in  its  amplitude. 
However,  in  the  opposite  case  of  a  pinning  to  the  conduction  band,  epa  should  no  longer  be 
neglected.  A  slight  shift  of  the  DLTS  peak  may  still  be  observed  but  a  drastic  reduction  of  its 
amplitude  is  expected  from  Eq.  (11). 

4.Experimental  conditions 

Relaxed  Si  i-xGex  layers  with  x  varying  from  0  to  25  %  were  grown  by  molecular  beam  epitaxy 
(MB^  on  (100)  Si  substrates  using  the  compositional  grading  techniques  as  described  elsewhere 
c  Vnt  s  diodes  were  fabricated  by  first  growing  a  4  [im  thick  layer  doped  with  2  - 

5xl0i^  cm-^  of,  respectively,  antimony  or  boron;  on  top  of  this  layer  a  0.5  urn  thick  layer  doped  to 
a  very  high  concentration  of,  respectively,  boron  or  antimony  (~  10l9  cm-3)  was  grown.  Gold  was 
diffused  at  800°C  into  the  mesa  diodes,  formed  by  chemical  etching  of  photolithography-defined 
areas.  DLTS  spectra  were  recorded  with  a  Semitrap  spectrometer  using  the  lock-in  principle  to 
process  the  capacitance  transient  signal  [12]. 
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S.Experimental  results 

piSts  of  conventiona"DLTsfpectra,  restricted  to  temperatures  lower  than  200  K,  as  obtained  from 
gold  doped  n+p  are  shown  in  Fig  2.  We  observe  both  an  increase  in  the  full  width  at  half  maxinmm 
(FWHM)  of  the  peaks  and  their  shift  toward  lower  temperatures  for  increasing  Ge  composition.  1  he 
first  point  will  be  discussed  later.  The  observed  shift  corresponds  to  a  decrease  m  the  activation 
energy  for  the  hole  exchange  rate.  Qualitatively,  this  indicates  that  the  level  is  at  least  partially  pinned 
to  the  conduction  band.  Quantitatively,  this  shift  can  be  described  very  simply  considering  the  gold 
donor  level  as  a  pure  trap  as  stated  above.  Therefore,  the  electron  emission  rate  end  is  negligible 
compared  to  the  hole  emission  rate  epd,  thus  allowing  the  factor  Cpd  /  (epd  +  end)  to  be  approximated 
to  unity  In  consequence,  for  a  given  rate  window,  the  DLTS  peak  heights  do  not  depend  upon  the 
Ge  fraction  x  which  is  confirmed  in  Fig.  2.  Assuming  the  hole  capture  cross  section  to  be 
temperature  independent,  and  the  hole  effective  mass  as  essentially  determined  by  its  value  in  silicon 
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Fig.  2:  DLTS  spectra  from  Au-diffused  n+p  Fig.  3;  The  hole  ionisation  enthalpy  at  0  K, 

Sii-vGex  diodes.  The  pulse  voltage  sequence  as  a  function  of  Ge  fraction  x  (open  circles), 

was  from  -3V  to  OV.  compared  to  the  semi-empirical  Eq.  (8). 

[13],  and  provided  ASpd(x,T)  is  known,  the  Arrhenius  treatment  of  Eq.  (4)  is  straightforward. 
Using  Eqs  (9)  and  (10)  we  get, 


^oexp{f(Tm)/kTm)  ^  Cexp{-AHpd(x.0)/kTjj 
2 _ /  AC  ./ ^  ^  \  /h\  '  ^  ' 


exp{^AS pd(x,Tm)^^] 


where  the  Tm's  are  the  temperatures  at  the  maxima  of  the  DLTS  peaks,  recorded  at  different 
experimental  rate  windows  eol  f(Tm)  is  the  temperature  dependent  function  detailed  m  Eq^(9);  the 
pre-exponential  factor  C  at  the  right  hand  side  of  Eq.  (12)  is  a  constant  including  Opd(x).  Equation 
(12)  assumes  that  the  gold  donor  level  is  pinned  to  the  conduction  band  as  expected  from  +ig;3.  Un 
the  other  hand,  to  satisfy  the  thermodynamic  condition  expressed  through  Eq.  (5),  ASnd(x.Tm)  is 
taken  to  be  equal  to  AScv(0,Tm),  the  contribution  of  pure  silicon.  The  extracted  hole  emission 
enthalpies  at  0  K,  AHpd(x,  0),  allow  us  to  get  the  Ge  composition  dependent  differential  quantity, 

dpd(x,  r  =  0)  =  AHpd(x,  T  =  0) -  AHpdi x  =  0,  T  =  0) ,  (13) 

where  AHndlx  =  0,  T  =  0)  is  the  hole  emission  enthalpy  in  pure  silicon  at  0  K.  Equation  (B)  predicts 
that  in  the  case  of  a  pinning  to  the  conduction  band,  the  plot  of  3pd(x,T  =  0)  versus  x  will  coincide 
with  the  gap  shrinkage.  Figure  3  shows  indeed  that  the  hole  emission  enthalpy  follows  entirely  the 
gap  decrease  at  0  K,  independently  determined  by  Weber  et  al.  [10]  (see  Eq.  (8)).  This  result  allows 
us  to  unambiguously  state  that  the  gold  donor  level  is  totally  pinned  to  the  conduction  band,  thus 
supporting  the  conclusions  drawn  by  Wong  et  al.  [14]  from  transport  analysis  carried  out  in  pure 
silicon. 
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5.2.The  gold  acceptor  level:  Interaction  with  the  conduction  band 

DLTS  spectra  from  Sii-xGcx  alloy  layers  on  p+n  diodes  are  shown  in  Fig.  4.  Here,  in  principle,  we 
probe  the  electron  transition  from  the  acceptor  level  to  the  conduction  band.  Therefore,  the  observed 
shift  toward  lower  temperatures  of  the  peak,  for  increasing  Ge  fraction  x,  could  correspond  to  an 
increase  in  the  electron-emission  rate.  As  this  is  a  thermally  activated  process,  the  shift  would  be  a 
consequence  of  a  decrease  in  the  electron-emission  enthalpy,  thus  excluding  any  pinning  of  the 
acceptor  level  to  the  conduction  band.  This  assertion  cannot  however  be  valid  as  it  ignores  the 
particularity  of  the  acceptor  level  of  being  a  midgap  level,  thus  interacting  with  both  allowed  bands. 
Such  a  possibility,  being  excluded  in  pure  silicon,  because  ena  »  Cpa,  has  to  be  reconsidered  in  Sii- 
xGcx,  as  for  increasing  Ge  fraction,  a  non  negligible  gap  shrinkage  occurs.  But,  if  this  condition  is 


Fig.4  :  DLTS  spectra  as  obtained  from  gold 
doped  p+n  -  Sii-xGcx  diodes  for  different  x. 


Fig.  5:  The  temperature  shift  of  DLTS  peak 
maxima  AT  =  Tm(Si)  -Tm(Sio.75Geo,25)  as 
a  function  of  the  rate  windows.  The  solid 
curves  represent  the  two  possibles  cases. 


necessary  it  is  not  sufficient.  Indeed,  the  double  interaction  of  the  gold  acceptor  with  both  the  valence 
Md  the  conduction  band  needs  a  pinning  to  the  conduction  band.  Then,  the  increase  of  epa  with  x 
implies  both  a  shift  toward  lower  temperatures  of  the  peaks  and  a  deerease  of  the  their  heights 
according  to  Eq.  (11).  This  is  clearly  shown  in  Fig.  4.  Therefore,  both  the  shift  and  the  reduction  of 
the  peak  height  result  from  a  simultaneous  interaction  of  the  gold  acceptor  with  both  bands  and  a 
pinning  to  the  conduetion  band.  This  statement  is  confirmed  in  Fig.  5  where  we  plot  the  temperature 
shift  AT  as  a  function  of  the  experimental  rate  window.  In  the  same  figure  we  report  theoretieal 
simulations  detailed  elsewhere  for  both  kinds  of  pinning  [8].  The  displayed  results  elearly  favour  a 
pinning  to  the  conduction  band.  The  consequence  is  a  tremendous  increase  in  the  eorresponding 
DLTS  signal  in  p-type  alloys,  so  far  considered  as  a  small  relaxation  in  pure  silicon  [8]. 


6.The  impact  of  a  Ge  fluctuation 

The  interesting  feature  that  appears  in  Fig.  2  is  related  to  the  degradation  of  the  full  width  at  half 
maximum  (FWHM)  of  the  peaks  with  increasing  Ge  content.  However,  the  width  of  the  DLTS  signal 
of  the  aeceptor  related  peak  extracted  from  n-type  material  remains  unchanged  (Fig.  4).  Fig.  6  reports 
the  behavior  of  the  FWHM  in  all  possible  configurations,  including  the  hole  transition  from  the 
acceptor  level,  reported  elswhere  [8].  The  first  observation  to  be  made  is  that  the  degradation  of  the 
FWHM  concerns  only  the  hole  transitions.  The  electron  transition  from  the  aceeptor  level  (solid 
squares  in  Fig.  6),  does  not  exhibit  any  change  in  the  FWHM.  We  believe  that  this  effect  stems  from 
a  local  Ge  fluctuation  or  disorder  in  the  Sii-xGex  alloys.  The  oceupation  of  the  substitutional  lattice 
sites  by  Si  or  Ge  is  assumed  to  be  purely  statistical  [10].  The  main  effect  of  the  resulting  distribution 
IS  a  variation  in  band  gap  energy  arround  an  averaged  value,  produeed  by  local  fluctuations  in  the 
alloy  composition  x.  Taking  into  account  the  experimentally  [15]  and  theoretically  [16]  established 
faet  that  the  variation  of  the  gap  in  Sii-xGex  alloys  is  entirely  taken  up  by  the  valenee  band,  the 
mechanism  underlying  the  hole-to-valence  band  transition  from  a  level  pinned  to  the  conduction  band 
IS  schematically  shown  in  Fig.  7.  It  is  clear  that  the  fluctuation  of  the  valence  band  and  the  pinning 
effect  has  a  direct  impact  on  the  FWHM  of  the  transition  that  is  probed.  The  consequence  of  this 
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fluctuation  is  that  for  a  level  pinned  to  the  conduction  band,  en  is  given  by  Eq.  (4)  while  ep  is 
distributed  among  a  range  of  values.  It  is  easy  to  see  from  Fig.  7  that  transitions  to  the  conduction 
band  should  not  exhibit  any  degradation  of  the  FWHM.  ^  ^ 
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Fig.6:  Full  width  at  half  maximum  of  the  different 
transitions  corresponding  to  gold  levels. 


E  fluctuation 

V 

Fig.7:  A  schematic  representation  of  the 
consequence  of  the  pinning  effect  and  Ge 
fluctuation  on  the  transitions. 


The  improvement  of  the  epitaxial  growth  of  relaxed  Sii-xGex,  opens  up  a  new  approach  in  the  study 
of  the  pinning  behavior  of  the  energy  levels  in  the  band  gap.  The  large  shrinkage  of  the  bandgap  of 
the  alloy  for  increasing  Ge  fraction,  has  allowed  us  to  demonstrate  that  both  gold  donor  and  acceptor 
levels  are  pinned  to  the  conduction  band.  It  has  been  stressed  that  the  acceptor  level  has  to  be  treated 
with  great  care  as  it  possesses  the  important  property  of  being  a  recoi^ination-generation  center. 

A  new  and  interesting  phenomenon  has  been  observed  related  to  the  FWHM  of  the  DLTS  peaks.  The 
FWHM  was  found  to  increase  with  increasing  Ge  content  when  probing  hole  tosition  to  the  valence 
band  but  not  when  probing  electron  transition  to  the  conduction  band.  This  is  suggested  to  be  an 
effect  of  the  statistical  nature  of  the  occupation  of  the  substitutional  lattice  site  by  Si  and  Ge  together 
with  the  previously  established  facts  that  the  variation  of  the  energy  gap  in  the  Sii-xGex  with  varying 
X  is  entirely  taken  up  by  the  valence  band. 
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DISLOCATION-RELATED  ELECTRONIC  STATES  IN  STRAIN-RELAXED 
Si,.,Ge,/Si  EPITAXIAL  LAYERS  GROWN  AT  LOW  TEMPERATURE 
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Abstract.  Strain-relaxed  step-graded  Si|.„Ge„/Si  structures  having  low  densities  of  threading 
dislocations  are  used  as  buffer  layers  for  modulation-doped  field-effect  transistors  (FETs).  Low 
temperature  photoluminescence  (PL)  and  deep  level  transient  spectroscopy  (DLTS)  have  been  used  to 
study  the  electronic  states  associated  with  threading  dislocations  in  Si|.„Ge„  layers  grown  at  550°C.  We 
show  that  the  energy  shift  of  the  D1  photoluminescence  line  upon  amiealing  is  due  to  strain-driven 
interdiffusion  of  Ge  and  Si  at  the  dislocation  core  and  results  in  an  anti-crossing  of  the  D1  and  D2  lines. 
Two  dislocation-related  hole  traps  were  observed  by  DLTS  in  concentrations  which  correlate  with  the 
oxygen  concentration  in  the  film,  suggesting  that  they  may  be  defect  complexes  involving  oxygen  at 
dislocations.  Models  for  the  origin  of  the  D  lines  and  the  nature  of  electronic  states  of  dislocations  are 
reviewed  in  light  of  these  and  other  recent  experimental  and  theoretical  results. 

Introduction. 

Strain-relaxed  epitaxial  Si|.,,Ge,,  layers  grown  on  Si(OOl)  substrates  are  needed  as  substrates  for  field- 
effect  transistors  having  a  strained  Si  or  strained  Si|.,Ge,^  layer  as  the  electron  or  hole  channel  [  1 ,2]  or 
for  other  applications  such  as  the  integration  of  Ill-V  optical  devices  on  Si  [3].  Relaxed  Sl,.,Ge,(  layers 
having  low  threading  dislocation  densities  (<  10‘  cm'^)  have  been  reported  by  a  number  of  groups  [3-5]. 
The  low  defect  densities  were  achieved  by  increasing  the  Ge  mole  fraction  of  the  alloy  gradually,  either 
continuously  or  in  steps,  in  order  that  dislocation  nucleation  occurs  at  low  mismatch  strain  [6].  These 
defect  densities  are  sufficiently  low  that  carrier  transport  at  room  temperature,  or  even  at  low 
temperature,  is  not  affected  [7];  however,  for  device  and  circuit  reliability  and  for  other  potential 
applications  it  is  important  to  understand  the  defect-related  electronic  states  and  their  effects  on  the 
properties  of  relaxed  Sii.,;Ge,j  layers.  Because  of  the  low  threading  dislocation  densities,  step-graded 
buffer  layer  structures  are  ideal  samples  for  studies  of  dislocation-related  electronic  states  by  a  variety 
of  experimental  methods. 

60  “misfit  dislocations  in  plastically  deformed  Si  have  been  studied  for  many  years  and  their  structure 
is  well-known  [8,9].  However,  although  there  is  also  a  large  body  of  literature  on  their  electronic 
properties,  neither  the  microscopic  origins  of  the  four  photoluminescence  lines  associated  with 
dislocations  nor  many  of  the  various  deep  levels  observed  by  DLTS  measurements  have  been 
determined  conclusively.  Both  the  photolurainescence  and  DLTS  spectra  depend  strongly  on  the  method 
of  sample  preparation  and  thermal  history  of  the  sample  [6].  Similarly,  the  photoluminescence  and 
DLTS  spectra  of  Si,.„Ge,.  layers  grovra  by  different  methods  at  different  temperatures  vary  significantly 
[6]. 

Identification  of  the  electronic  states  associated  with  dislocations  has  been  hampered  by  the  difficulty 
in  distinguishing  between  the  intrinsic  states  of  dislocations  (e.g.  reconstruction  defects,  kinks,  or  jogs) 
and  states  of  impurity  atoms  or  defect  complexes  at  the  dislocation  core  or  in  the  strain  field  of  the 
dislocation.  Electron  spin  resonance  experiments  in  plastically  deformed  float  zone  Si  prepared  at  very 
low  temperature  yielded  a  variety  of  spectra,  which  were  categorized  by  their  thermal  stability  [10]. 
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Spectra  annealing  out  at  T<500  °C  were  identified  as  isolated  vacancy  complexes,  the  same  defects  as 
had  been  observed  in  electron  irradiated  silicon.  Spectra  annealing  out  at  temperatures  between  500  C 
and  800  °C  were  modeled  as  vacancy  complexes  at  the  dislocation  core.  States  remaining  after 
annealing  at  T<800°C  are  believed  to  be  states  intrinsic  to  the  dislocations,  since  dislocations  are  abo 
present  after  high  temperature  annealing.  However,  it  is  difficult  to  rule  out  the  presence  of  impurities 
such  as  oxygen  and  carbon,  which  are  always  present  in  Si  in  detectable  concentrations,  or  transition 
metals,  which  are  known  to  be  gettered  at  dislocations. 

Here  we  describe  the  results  of  low  temperature  PL  and  DLLS  measurements  on  relaxed  Si|.,Ge,  layers 
grown  at  550  °C.  Detailed  annealing  studies  show  that  there  is  a  large  energy  shift  of  the  D1 
photoluminescence  line  which  results  in  an  anti-crossing  of  the  D1  and  D2  lines.  The  energy  shift  of  D1 
has  the  same  thermal  activation  energy  as  strain-enhanced  out-diffusion  of  Ge  from  strained  Si|.jGe„ 
quantum  wells.  This  behavior  demonstrates  that  D1  is  not  a  phonon  replica  of  D2  and  underscores  the 
vital  role  of  the  local  strain  in  determining  the  energies  of  the  electronic  states  of  dislocations.  The 
intensities  of  the  two  dominant  hole  traps  observed  by  DLTS  in  as-grown  Si^^Geo  j  layers  correlate  with 
the  oxygen  concentration  in  the  film  and  therefore  may  originate  from  point  defect  complexes  involving 
oxygen  at  the  dislocation.  Their  annealing  behavior  indicates  that  the  origin  of  the  DLTS  peaks  is 
different  from  that  of  the  D-lines. 

Sample  Preparation. 

The  relaxed  Si ,  ,Ge,/Si(00 1 )  structures  prepared  for  these  experiments  were  grown  by  ultra-high  vacuum 
chemical  deposition  (UHV/CVD)  [1 1].  They  consist  of  a  layer  about  0.5-1  pm  thick  in  which  the  Ge 
mole  fraction  x  was  increased  in  steps  followed  by  a  0.5-3. 5  pm-thick  uniform  composition  Sii.^jGe^ 
layer.  Fig.  1  is  a  cross-sectional  transmission  electron  micrograph  of  a  typical  step-graded  structure 
showing  the  misfit  dislocations  in  the  step-graded  layer  and  also  at  the  top  of  the  Si  substrate  and  the 
bottom  of  the  uniform  composition  Si|.,;Ge„  layer.  A  threading  arm  can  be  seen  going  up  toward  the  top 
surface  of  the  Si,  ^Ge,  layer.  Some  structures  were  un-doped.  Others  were  doped  during  epitaxial  growth 
to  form  a  one-sided  abrupt  p-n"  junction  about  500  A  from  the  top  surface  of  the  uniform  composition 
layer.  Pieces  of  the  undoped  structures  were  each  annealed  for  1 0  minutes  in  dry  Nj  ambient  at  various 
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Fig.l.  Cross-sectional  transmission  electron  Fig.  2.  Normalized  PL  spectra  of  Si  and  strain- 

micrograph  of  a  step-graded  Si  Ge^  buffer  layer.  relaxed  Si^  7Geo 

The  dark  lines  are  60°  misfit  dislocations. 
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temperatures  up  to  800  °C.  As  described  in  detail  elsewhere  [12],  mesa  diodes  were  fabricated  from  the 
doped  structures,  either  as-grown  or  after  atmealing  at  700  °C,  for  DLTS  measurements.  Threading 
dislocations  in  the  upper  part  of  the  relaxed  Sii.^Ge,,  layer  were  probed  in  both  experiments.  In  order  to 
compare  our  results  with  previous  studies  in  plastically  deformed  Si,  dislocations  were  introduced  into 
the  upper  part  of  a  Czochralski  (CZ)  Si  wafer  by  growing  an  epitaxial  Sio  gjOep  ,5  layer,  which  was 
subsequently  removed  by  etching.  The  dislocation  density  was  varied  by  increasing  the  thickness  (and 
thus  the  degree  of  strain  relaxation)  of  the  SiogsGeo  u  layer.  In  this  way  both  the  mechanism  of 
dislocation  formation  and  the  thermal  history  of  the  Si  samples  are  the  same  as  our  Si|.,(Gex  samples. 

Photoluminescence  Results. 

Figure  2  shows  low  temperature  PL  spectra  for  three  different  samples.  The  top  spectrum  is  from  a  zone 
refined  Si  wafer.  The  only  luminescence  observed  is  near-band-edge  recombination,  in  this  case  the 
phonon-assisted  recombination  of  excitons  bound  to  boron  acceptors.  The  middle  spectrum  is  from  a 
CZ  silicon  wafer  in  which  dislocations  were  introduced  as  described  above.  This  spectrum  is  also 
dominated  by  the  near-band-edge  emission.  However,  the  four  D-lines  known  to  be  associated  with 
dislocations  are  also  present  [13].  The  four  D-lines  are  broader  in  samples  having  higher  dislocation 
densities.  All  four  are  still  present  after  a  10  min.  armeal  at  800  °C,  and  the  energy  shift  of  all  of  them 
upon  aimealing  is  negligible  [14]. 

The  bottom  spectrum  in  Fig.  2  was  taken  from  an  un-doped  relaxed  Sio  7Geo  3  layer.  Note  that  the  near¬ 
band-edge  emission  and  the  D-lines  are  shifted  to  lower  energy,  since  the  bandgap  of  the  Si|.,.Ge,j  alloys 
is  smaller  than  that  of  Si.  In  this  spectrum  the  dominant  feature  of  the  near-band-edge  luminescence  is 
the  no-phonon  line  due  to  recombination  of  excitons  confined  at  potential  wells  caused  by  fluctuations 
in  alloy  composition  [15].  The  transverse  acoustic  and  transverse  optical  phonon  replicas  of  this  line  are 
also  clearly  observed.  As  the  excitation  power  density  is  increased,  a  somewhat  broader  line  at  slightly 
lower  energy  emerges  and  becomes  dominant.  This  broader  line  was  originally  attributed  to  the 
recombination  of  excitons  bound  to  phosphorous  [15].  However,  recent  detailed  measurements  and 
analysis,  including  a  comparison  of  the  measurement  temperature  dependence  of  this  line  with  that  due 
to  excitons  bound  to  boron  in  an  intentionally  B-doped  layer,  have  clearly  shown  that  the  origin  of  this 
line  is  the  recombination  of  biexcitons  [16].  Free  exciton  recombination  has  also  been  observed  at  very 
high  excitation  power  density  [15]. 

The  four  dislocation-related  D-lines  are  also  clearly  observed  in  the  low  temperature  PL  spectrum  of 
the  relaxed  Sio7oGeo3o  layer  in  Fig.  2;  however,  they  are  broader  than  in  the  Si  wafer  and  their  relative 
intensities  are  also  different.  We  found  that  the  relative  intensities  of  the  D-lines  vary  from  sample  to 
sample  as  does  their  intensity  compared  to  the  near-band-edge  luminescence.  The  latter  is  detected  only 
in  samples  having  uniform  composition  layers  greater  than  about  1 .5  pm,  probably  because  of  carrier 
diffusion  into  the  step-graded  region  in  structures  with  thinner  uniform  composition  layers.  Fig.  3  shows 
normalized  PL  spectra  for  two  other  Si,. „Ge,  layers  as-grown  (550  °C)  and  after  10  minute  atmeals  at 
the  temperature  indicated.  The  thinner  (1.0  pm)  Sip^sGej  25  layer  shows  only  the  four  D-lines,  whereas 
the  thicker  (3.5  pm)  SiQ7oGeo3o  layer  shows  the  near-band-edge  luminescence  as  well.  Both  the  near¬ 
band-edge  luminescence  and  the  four  D-lines  were  also  observed  in  a  3.5  pm-thick  Si^  gjGe^  ,7  sample. 

The  large  energy  shift  of  the  D1  and  D2  lines  is  very  interesting.  In  contrast,  both  the  D3  and  D4  lines 
as  well  as  the  confined  exciton  line  have  a  negligible  energy  shift  upon  annealing.  In  the  Sio  75Geo  25 
layer,  both  D1  and  D2  shift  continuously  with  annealing.  Their  energy  separation  varies  with  the 
annealing  temperature  and  has  a  minimum  value  of  41  meV  in  the  sample  annealed  at  675  °C  [14].  The 
D1  line  is  initially  less  intense  than  D2;  however,  the  intensities  of  the  two  lines  are  nearly  equal  in  the 
sample  aimealed  at  675  °C,  i.e.  when  they  are  closest  together  in  energy,  and  after  annealing  at  higher 
temperatures  the  D2  line  is  less  intense  than  Dl.  In  fact  the  D2  line  is  difficult  to  detect  in  samples 
annealed  at  T^725  °C.  The  initially  decreasing  and  subsequently  increasing  energy  difference  between 
the  two  states  and  the  transfer  of  intensity  from  D2  to  Dl  are  typical  features  of  an  anti-crossing  of  two 
energy  levels.  In  contrast,  the  Dl  line  in  the  Sio,7oGeo.3o  layer  is  no  longer  detectable  after  annealing  at 
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Fig.  3.  Low  temperature  PL  spectra  for  two  as-grown 


annealed  Si  |.,Ge,  buffer  layers. 


650  °C.  Here  the  D1  line  disappears  before  the  two  levels  interact  and  thus  the  anti-crossing  of  D1  and 
D2  is  not  observed.  Nevertheless,  the  energy  shift  of  D1  is  clearly  observable  after  annealing  at  low 
temperature. 


Figure  4  shows  the  energy  shift-  of 
the  D1  line  in  three  layers  of 
different  alloy  composition.  The 
inset  shows  the  confined  exciton 
energy  in  the  Si0.70Ge0.30  layer  for 
comparison.  These  data  indicate  the 
expected  variation  of  the  energy 
position  of  the  D1  line  in  the  as- 
grown  samples  [17].  However, 
after  annealing  at  T>750  °C,  the 
energy  of  the  D1  line  in  both 
Sio.gsGeo.n  and  Sio.75Geb.25  layers  is 
independent  of  the  alloy 
composition.  Note  that  the  energy 
of  the  confined  exciton  line  is 
essentially  constant  compared  to 
the  relatively  large  energy  shift  of 
the  D1  line,  indicating  that  the 
average  strain  in  the  layer,  and 
hence  the  bandgap,  is  essentially 
unchanged  after  annealing. 


Fig.  4.  Energy  shift  of  the  D1  line  in  three  Si,.,Ge„  layers.  The  inset 
shows  the  energy  shift  of  the  confined  exciton  in  the  Sio.7Geo  3  layer. 
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The  continuous  energy  shifts  of  D1  and  D2  suggest  that  changes  in  the  local  band  structure  occur  upon 
annealing.  Shifts  in  the  energies  of  D1  and  D2,  previously  observed  in  isothermal  annealing 
experiments,  have  been  modeled  in  terms  of  strain-driven  interdiffusion  of  Si  and  Ge  at  the  dislocation 
core  [18].  We  have  shown  that  this  model  is  consistent  with  the  energy  shift  of  D1  [14,19].  Assuming 
that  the  energy  shift  of  the  D1  line  is  the  result  of  strain  relaxation  at  the  dislocation  by  interdiffusion 
of  Si  and  Ge,  the  energy  shift  is  then  proportional  to  the  change  in  alloy  composition.  The  energy  shift 
of  the  D1  line,  E=E(TJ-E(550  °C),  can  be  expressed  in  terms  of  the  thermal  activation  energy  for  the 
interdiffusion  of  SiGe  using  the  expression  E(kT3)^'^=B(x)exp(-2E3/3kTJ,  where  B(x)  is  defined  as 
Eg(x)3(7t/2)''^(ADQt(|)“  [14,19].  The  constant  A  was  calculated  using  the  values  of  Djand  E^  determined 
from  measurements  of  the  out-diffusion  of  Ge  from  SiGe  quantum  wells  [20].  At  these  annealing 
temperatures,  interdiffusion  is  a  local  effect;  the  atoms  move  distances  of  only  a  few  nanometers. 

Figure  5  shows  Arrhenius  plots  for  the  D1  and  D2  lines  in  the  SiojsGej  js  and  SiojoGeQ  jo  samples.  The 
thermal  activation  energy  for  D1  in  the  Sio7oGeo3o  layer  is  2.39  eV,  in  excellent  agreement  with  that 
found  for  strain-driven  out-diffusion  of  Ge  from  Sii.^Ge,  quantum  wells  [18,20].  However,  this  plot 
shows  clearly  that  the  energy  shift  of  D2  is  much  smaller  than  that  of  D 1  and  that  no  interaction  between 
the  two  levels  occurs  in  this  sample.  The  activation  energy  for  the  energy  shift  of  D1  at  low  aimealing 
temperature  is  2.44  eV  in  the  Sio  ^jGe^  js  layer.  The  energy  shift  of  D2  is  much  larger  in  this  layer  and 
results  from  the  interaction  with  D1  at  annealing  temperatures  ^675  °C.  A  similar  value  of  the  therma'l 
activation  energy,  2.52  eV,  was  found  from  the  energy  shift  of  D1  in  the  Sio  gjGeo.n  layer,  and  the  anti¬ 
crossing  of  the  D1  and  D2  lines  was  observed  as  well.  Both  the  D1  and  D2  levels  were  clearly  detected 
in  this  sample,  even  after  the  anneal  at  800  °C.  Note  that  temperature  at  which  D1  (or  D2  which 
becomes  Dl-like  as  a  result  of  the  anti-crossing)  aimeals  out  decreases  with  increasing  Ge  mole  fraction 
in  these  relaxed  Si.^Ge^  layers. 


Fig.  5.  Activation  energy  plots  for  the  Sio^jOeo,,  and  Si„,„Ge„3„  layers.  Open  symbols  have  larger  unertainty  than 
solid  symbols. 
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DLTS  Results. 

DLTS  measurements  were  performed  on  step- 
graded  buffer  layer  structures  having  n'^-p 
junctions  near  the  upper  surface  of  the  uniform 
layer  [1 2].  Fig.  6  shows  DLTS  spectra  for 
several  different  B-doped  Si,_^Ge^  layers.  No 
dislocations  were  seen  in  the  Sio,9gGeo  o2  layer 
by  transmission  electron  microscopy  and  no 
DLTS  peaks  were  observed  either.  The  most 
intense  DLTS  peaks  observed  in  the  Si,  ,,Ge, 
laiyers  having  higher  Ge  mole  fraction  are  from 
two  hole  traps.  The  amplitude  of  both  DLTS 
peaks  was  found  to  increase  logarithmically 
with  the  fdling  pulse  duration,  indicating  that 
these  traps  are  associated  with  extended 
defects,  not  isolated  point  defects.  The  capture 
rates  were  found  to  be  independent  of  the 
measurement  temperature  indicating  that  there 
•is  no  significant  lattice  relaxation  when  the 
charge  state  of  the  trap  changes.  Thus  the 
thermal  emission  activation  energy  is 
essentially  equal  to  the  change  in  enthalpy 
required  to  thermally  ionize  the  filled  trap. 
Thermal  emission  activation  energies  of  0.06 
and  0.14  eV  were  found  for  the  two  traps 
when  X“0.3;  the  activation  energies  were 
larger  at  lower  x. 


Oxygen  Concentration  (x10^®cm‘^) 


Temperature  (K) 

Fig.  6.  DLTS  spectra  for  B-doped  relaxed  Sii.^Ge^ 
buffer  layers.  The  rate  window  was  49.1  s"'.  The 
reverse  bias  voltage  was  -2.0V  and  the  filling  pulse 
was  OV  for  1 .0  ms. 


Oxygen  Concentration  (xIO^®  cm'^) 


Fig.  7.  Trap  concentration  vs.oxygen  concentration  for  the  teo  hole  traps.  Solid  and  open  symbols  indicate  layers 
grown  at  560  and  500°C  respectively.  The  lines  are  fits  to  the  solid  data  points. 
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The  amplitudes  of  both  traps  were  reduced  by  more  than  a  factor  of  two  in  devices  fabricated  on  pieces 
of  the  same  wafer  which  had  been  annealed  at  700  °C  for  1 0  minutes.  Thermal  stability  arguments  based 
on  the  EPR  results  in  Si  showing  that  point  defect  complexes  at  dislocations  anneal  out  in  the 
temperature  range  from  about  550-850  °C,  suggest  that  these  hole  traps  originate  at  point  defect 
complexes  trapped  at  the  dislocations.  The  same  hole  traps  were  observed  as  minority  carrier  traps  in 
a  P-doped  layer,  indicating  that  neither  boron  or  phosphorous  is  a  constituent  of  these  defect  complexes. 
Fig.  7  shows  plots  of  the  DLTS  peak  intensity  as  a  function  of  the  oxygen  concentration  in  buffer  layer 
structures  having  comparable  threading  dislocation  densities,  2-4x10^  cm^  These  data  suggest  that 
oxygen  may  be  a  constituent  of  the  point  defect  complexes  [12]. 

An  obvious  question  to  ask  is  whether  these  two  hole  traps  have  the  same  origin  as  any  of  the  D-lines. 
The  available  data  suggest  that  they  do  not.  The  energies  of  the  D1  and  D2  transitions  are  close  to  what 
they  would  need  to  be  if  they  involved  the  recombination  of  electrons  with  holes  bound  to  the  two  trap 
states.  However,  the  two  DLTS  peaks  show  no  energy  shift  upon  annealing  and  their  annealing 
temperature  is  not  the  same  as  that  of  either  D1  or  D2  in  Sio^Ge^  j.  In  addition  the  variation  of  the  D1 
and  D2  energies  with  alloy  composition  does  not  appear  to  be  consistent  with  that  of  the  hole  traps. 

Discussion. 

The  D-lines  have  been  studied  for  many  years  and  their  microscopic  origin  is  controversial.  They  fall 
into  two  groups,  with  D1  and  D2  having  similar  characteristics  which  differ  from  those  of  D3  and  D4 
[21,22],  Two  different  models  have  been  proposed  for  the  D-lines.  In  one  proposal,  the  origin  of  the 
luminescence  is  not  the  dislocations  itself,  but  occurs  only  when  the  dislocation  is  decorated  with 
transition  metal  impurities  [23,24].  A  curious  aspect  of  this  model  is  that  the  energies  of  the  D-lines 
apparently  do  not  depend  on  the  impurity  species  [23].  Cathodoluminescence  measurements  (~  10pm 
resolution)  indicate  that  D3  and  D4  correlate  more  closely  with  the  dislocation  core  than  do  D1  and  D2 
[23].  Thus  it  has  been  suggested  that  D1  and  D2  arise  from  impurities  or  defects  trapped  in  the  strain 
field  of  the  dislocation  rather  then  the  dislocation  itself  Other  doping  experiments  rule  out  transition 
metal  precipitates  at  dislocations  as  the  origin  of  the  D-lines,  but  to  not  rule  out  the  presence  of 
individual  transition  metal  atoms  at  the  dislocation  core  [25].  It  was  also  found  that  the  intensities  and 
polarization  of  the  D-lines  depend  strongly  on  the  direction  of  detection  and  from  symmetry  arguments 
it  was  proposed  that  the  D2  transition  (and  it’s  phonon  replica  D1 )  originate  at  the  stacking  fault  ribbon 
separating  the  30°  and  90°  partial  dislocations  of  the  dissociated  60°  misfit  dislocations  [25]. 

Our  PL  data  clearly  show  that  the  D1  and  D2  lines  have  very  different  annealing  characteristics.  The 
interaction  (anti-crossing)  upon  annealing  indicates  that  D1  has  a  much  larger  strain  shift  than  D2.  Thus 
D1  cannot  be  a  phonon  replica  of  D2.  Consistent  with  calculations  showing  changes  in  the  electronic 
structure  at  stacking  faults  in  Si  [26],  spatially  resolved  (2  A  resolution)  electron  energy  loss 
spectroscopy  (EELS)  measurements  at  the  stacking  fault  ribbon  of  dislocations  in  Si,,„Ge,;  show  changes 
in  the  density  of  states  lying  above  the  bottom  of  the  conduction  band  and  no  changes  in  the  conduction 
band  edge  compared  to  the  bulk  material  [27].  These  results  cast  doubt  on  the  proposal  that  D1  and  D2 
originate  at  the  stacking  fault. 

Recent  theoretical  work  demonstrates  the  importance  of  intrinsic  dislocation  states.  Recent  calculations 
of  the  electronic  stracture  of  a  perfectly  reconstructed  straight  90°edge  dislocation  in  Si  show  that  the 
local  strain  pushes  states  from  the  valence  band  about  200  meV  into  the  gap,  creating  a  quantum  well 
for  holes  at  the  dislocation  [28].  Calculations  of  kinks  at  the  30°  [29]  and  90°  [30]  partial  dislocations 
also  show  energy  levels  pushed  into  the  bandgap.  EELS  measurements  in  the  regions  of  the  partial 
dislocation  cores  show  electronic  levels  in  the  bandgap  [27].  Further  work  is  necessary  to  understand 
the  origin  of  the  states  observed  in  these  experiments  and  the  role  of  impurities  at  the  dislocation  core. 

Conclusions. 

Relaxed  Si,.„Ge,j  buffer  layers  having  relatively  low  densities  of  threading  dislocations  have  been  studied 
using  PL  and  DLTS.  Two  hole  traps,  suggested  to  originate  at  point  defect  complexes  involving  oxygen. 
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were  observed  and  an  anti-crossing  of  the  D1  and  D2  luminescence  lines  was  found  to  occur  due  to 
strain  relaxation  by  local  interdiffusion  of  Si  and  Ge  upon  annealing.  The  latter  results  appear  to 
conflict  with  the  proposal  that  these  lines  originate  at  the  stacking  fault  ribbon  of  the  dissociated  60° 
dislocations.  Clearly  further  work  is  needed  to  understand  the  microscopic  origins  of  dislocation-related 
electronic  states  observed  in  Si  and  Si,.,Ge,. 
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Abstract.  The  mechanical  strength  and  dislocation  velocity  in  bulk  single  crystals  of  GeSi  alloy 
grown  by  the  Czochralski  technique  were  investigated  by  compressive  deformation  tests  and  the 
etch  pit  technique,  respectively.  In  the  temperature  range  450  -  700°C  and  the  stress  range  3-24 
MPa  the  dislocation  velocity  in  Gei-jcSijc  in  the  composition  range  x  =  0.004  -  0.080  decreases 
monotonically  with  an  increase  in  the  Si  content,  reaching  about  one  seventh  of  that  in  pure  Ge  at  x 
=  0.080.  The  velocity  was  determined  as  functions  of  the  stress  and  the  temperature.  The  stress- 
strain  curve  in  the  yield  region  of  GeSi  alloy  in  the  temperature  range  lower  than  about  600°C  was 
temperature-sensitive  and  was  similar  to  those  of  Ge  and  Si  However,  the  yield  stress  of  the  alloy 
became  temperature-insensitive  at  high  temperatures.  It  increases  with  increasing  Si  content  in  the 
composition  range  a:  =  0  -  0.4.  The  yield  stress  was  dependent  on  the  composition  as  being 
proportional  to  x(l  -  x).  Built-in  stress  fields  in  GeSi  alloy  caused  by  local  fluctuation  of  the  alloy 
composition  together  with  dynamic  development  of  solute  atmosphere  around  dislocations,  are 
thought  to  suppress  the  dynamic  activities  of  dislocations  and  result  in  the  strengthening  of  GeSi 
alloy. 

Introduction. 

GeSi  alloy  is  of  important  in  view  of  its  variable  band  gap  and  lattice  parameter  according  to  the 
alloy  composition.  GeSi  alloy  for  opto  electronic  applications  is  usually  grown  as  thin  films  on 
substrates  by  various  epitaxial  techniques.  Introduction  of  misfit  dislocations  is  unavoidable  in 
hetero  epitaxial  structure  when  the  film  thickness  exceeds  the  critical  value.  Though  dislocations 
affect  the  electrical  and  optical  properties  of  GeSi  alloy  and  limit  its  application  to  various  devices, 
only  little  is  known  about  their  dynamic  properties  such  as  the  generation  and  motion  of  misfit 
dislocations  at  the  film/substrate  interfacell-6].  Biaxial  stress  inherent  to  heterostructure  hinders 
the  quantitative  study  of  the  native  properties  of  dislocations.  Dynamic  properties  of  dislocations 
in  the  GeSi  system  have  often  been  assumed  to  be  similar  to  those  in  Si  or  Ge  and  little  attention 
has  been  paid  to  the  unique  properties  of  dislocations  which  appear  due  to  alloying.  The  present 
authors  found  that  the  flow  stresses  of  GaAsP  and  InAsP  alloys  have  athermal  components  that  are 
absent  in  GaAs,  GaP,  InAs  and  InP  compounds|7,8].  It  is  of  interest  to  investigate  the  dynamic 
activities  of  dislocations  in  GeSi  alloy  using  bulk  crystals  and  to  deduce  their  unique  properties 
brought  about  by  alloying. 

This  paper  reports  the  dislocation  velocities  and  mechanical  properties  of  GeSi  alloy  which  were 
investigated  with  bulk  crystals  grown  by  the  Czochralski  technique  and  compares  them  with  those 
of  elemental  Ge  and  Si  crystals. 

Experiment. 

Gei-xSi.*:  bulk  alloy  crystals  were  grown  by  the  Czochralski  technique.  Seeds  prepared  from  a  Si 
crystal  oriented  to  parallel  to  the  1 1 1 1 1  or  [001  ]  were  used  for  the  growth  of  crystals  of  most  alloy 
compositions.  For  alloy  of  low  Si  content  seeds  were  prepared  from  a  Ge  crystal  of  the  1111] 
orientation.  The  pulling  rate  for  growth  was  in  the  range  of  0.5  -  2.0  mm/h.  The  details  of  the 
growth  procedure  and  apparatus  are  described  in  the  previous  paper|9j.  The  composition  of  the 
alloy  was  determined  by  means  of  energy  dispersive  X-ray  (EDX)  spectroscopy. 

Velocities  of  dislocations  were  measured  in  specimens  prepared  from  single  crystals  with  Si 
contents  up  to  x  =  0.080  and  with  low  grown-in  dislocation  densities  of  about  10^  cm  "2. 
Rectangular  shaped  specimens  2  x  3  x  15  mm^  in  size  with  the  long  axis  along  the  1 1 10  j  and  side 
surfaces  parallel  to  the  (111)  and  (112)  were  finished  by  chemical  polishing  with  the  reagent 
5HN03:1HF  at  30  -  40°C.  The  specimen  was  stressed  at  elevated  temperature  by  three-point 

bending  in  a  vacuum.  The  bending  axis  was  parallel  to  the  [112].  Dislocations  were  generated 
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from  a  scratch  drawn  on  the  (111)  surface  along  the  long  axis  at  room  temperature  with  a  diamond 
stylus.  Displacements  of  dislocations  caused  by  stressing  were  measured  by  the  etch  pit  technique 
with  the  Billig  etchant  1 10|  at  80°C. 

Mechanical  properties  were  investigated  in  specimens  prepared  from  single  crystals  or  specimens 
prepared  from  single  crystalline  part  of  the  ploycrystals  developed  near  the  seed,  with  Si  contents 
up  to  X  =  0.4  and  with  grown-in  dislocation  densities  of  lO^  -  10^  cm  "2.  Rectangular  shaped 
specimens  2.7  x  2.7  x  10.7  mm  3  in  size  were  finished  by  chemical  polishing.  The  compression  axis 
was  parallel  to  the  1 123|  with  the  side  surfaces  parallel  to  the  (111)  and  (541).  Compression  tests 
were  conducted  under  a  constant  strain  rate  using  an  Instron-type  machine  at  elevated  temperatures. 

The  dislocation  velocities  and  the  mechanical  properties  of  crystals  of  high  purity  Ge  and  Si  with 
grown-in  dislocation  densities  of  about  10^  cm"^  were  compared  with  those  of  the  alloy. 

Results. 

Crystal  Growth 

Figure  1  shows  a  GeSi  alloy  crystal  grown  from  the  melt  of  an  initial  composition  of  xmO  =  0.02. 
The  pulling  direction  was  parallel  to  the  |001 1  and  the  pulling  rate  was  1.0  mm/h.  The  development 
of  four  {111}  facets  confirms  the  growth  of  a  single  crystal  through  the  length  of  the  grown  crystal. 
The  composition  at  the  growth  start  position  is  xp  =  0. 1 1  and  changes  gradually  to  low  Si  content 
along  the  growth  direction  due  to  the  preferential  consuming  of  Si  from  the  melt  during  the  growth. 
A  single  crystal  20  mm  in  diameter  and  60  mm  in  length  with  variable  composition  0.004  <  x  < 
0.03  along  the  1 1 1 1 1  growth  direction  was  successfully  obtained  with  the  pulling  rate  2.0  mm/h. 

Single  crystals  were  successfully  grown  for  alloys  of  low  Si  contents,  while  single  crystal  parts 
were  obtained  only  in  the  regions  near  the  seeds  for  alloys  of  intermediate  and  high  Si  contents, 
which  may  be  related  to  the  occurrence  of  constitutional  supercooling. 


Fig.  1.  GeSi  alloy  crystal  grown 
by  the  Czochralski  technique. 
The  composition  at  the  start 
position  of  the  growth  is  x  =  0. 1 1. 

Variation  in  the  alloy  composition  within  a  grown  crystal  was  quantitatively  determined  by  EDX. 
For  any  grown  crystal  the  composition  changes  spatially  in  such  a  way  that  the  Si  content  gradually 
decreases  along  the  pulling  direction,  implying  that  Si  in  the  melt  is  preferentially  consumed  and 
taken  into  the  crystal  during  the  growth.  Such  composition  variation  within  the  grown  crystal  along 
the  growth  direction  can  well  be  described  in  terms  of  the  complete  mixing  model  of  the  melt  1 1 1  ], 
if  the  gravity  effect  caused  by  a  large  difference  in  the  densities  of  Ge  and  Si  is  taken  into  account. 

Dislocation  velocity 

Dislocations  were  generated  preferentially  from  a  scratch  drawn  on  the  surface.  The  velocity  was 
measured  as  a  function  of  the  temperature  in  the  range  450  -  700°C  and  that  of  the  resolved  shear 
stress  in  the  range  3-24  MPa.  Figure  2  shows  how  the  velocity  of  60°  dislocations  at  450°C  under 
a  shear  stress  of  20  MPa  depends  on  the  composition  of  the  GeSi  alloy.  It  is  seen  that  the  velocity 
of  dislocations  in  the  GeSi  alloy  decreases  monotonically  with  an  increase  in  the  Si  content  and 
reaches  about  one  seventh  of  that  of  dislocations  in  pure  Ge  at  x  =  0.080. 

Figure  3  shows  the  velocities  of  60°  dislocations  at  various  temperatures  plotted  against  the  shear 
stress  in  the  GepxSix  alloys  with  x  =  0.016,  0.047  and  0.080  together  with  that  in  pure  Ge.  The 
logarithm  of  the  velocity  of  dislocations  is  linear  with  respect  to  the  logarithm  of  the  stress  at  all 
temperatures  and  for  all  Si  contents  with  the  approximately  same  slope. 
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Fig.  2.  Velocities  of  60°  dislocations  in  the  GeSi 
alloy  at  450°C  under  a  shear  stress  20  MPa  as 
dependent  on  the  Si  content. 


Fig.  3.  Velocities  of  60°  dislocations  in  the  GeSi  alloys  of  various  Si  contents  at 
450,  550  and  650°C  as  dependent  on  the  shear  stress  together  with  those  in  Ge. 


The  velocity  v  of  60°  dislocations  in  the  Gei-j(Si;c  alloys  in  the  composition  range  x  =  0.004  -  0.080 

can  well  be  expressed  as  a  function  of  the  shear  stress  r  and  the  temperature  T  by  the  following 
empirical  equation: 


v  =  vo(t  /To)'”  exp(-  2  / k^T), 


(1) 


where  To=1  MPa  and  Is  the  Boltzmann  constant.  The  experimentally  determined  magnitudes  of 
Vo,  m  and  Q  in  GeSi  and  Ge  are  given  in  Table  1.  The  magnitudes  of  the  parameter  m  in  the  alloys 
are  same  as  that  in  Ge  and  those  of  Q  are  only  slightly  different  from  that  in  Ge.  This  may  be 
related  to  rather  small  Si  contents  in  the  alloys  investigated.  The  activation  energy  Q  obtained  in 
the  present  investigation  is  larger  than  that  reported  forGe-rich  GeSi  thin  films  [5|. 


Crystal 

vo(m/s) 

m 

G(eV) 

Ge 

2.9  X  102 

1.7 

1.62  ±0.05 

Gei-;cSix(  x=  0.016 ) 

4.6  X  102 

1.7 

1.68 

(  X  =  0.047 ) 

2.8  X  102 

1.7 

1.68 

(x  =  0.080) 

2.3  X  102 

1.6 

1.70 

Table  1.  Magnitudes  of  Vq,  tn  and  2  for 
60°  dislocations  in  Ge  l-;cSix  and  pure  Ge. 


Mechanical  property 

Stress-strain  behaviour  of  GeSi  crystals  with  Si  contents  up  to  x  =  0.4  was  investigated  at  various 
temperatures  under  a  shear  strain  rate  of  1 .8  x  10"^  s‘l .  Figure  4  shows  the  stress-strain  curves  of 
the  GeSi  alloy  of  x  =  0.10.  At  temperatures  lower  than  600°C  the  stress-strain  curves  of  the 
specimens  were  characterised  by  a  stress  drop  followed  by  an  increase  in  the  stress  with  the  strain. 
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Fig.  4.  Stress-strain  curves  of  GeSi  alloy  of 
j:  =  0. 10  at  various  temperatures  under  a  strain 
rate  of  1.8  x  lO'^  s‘l .  Dashes  lines  are  those 
of  Si  and  Ge  at  900°C. 


TEMPERATURE,  'C 
900  700  500 


JO^/T,  K’’ 

Fig.  5.  Yield  stresses  of  the  GeSi  alloys  plotted 
against  the  reciprocal  temperature  for  deform¬ 
ation  under  a  strain  rate  of  1.8  x  10^  s'^ . 


Such  a  stress  drop  after  the  upper  yield  point  is  commonly  observed  in  various  semiconductors, 
such  as  Si,  Ge,  GaAs  etc.  at  relatively  low  temperatures.  Contrarily,  at  temperatures  higher  than 
700°C,  no  stress  drop  is  seen  in  the  stress-strain  curve  and  the  level  of  the  flow  stress  of  the  alloy  is 
much  higher  than  those  of  pure  Si  and  Ge  crystals. 

The  lower  yield  stresses  of  the  Ge  l-;t:Sijc  alloy  with  x  =  0.01,  0.04,  0. 10  and  0.40  and  also  those  of 
Si  and  Ge,  for  comparison  sake,  are  plotted  against  the  reciprocal  temperature  in  Fig.  5  for  the 
deformation  under  a  shear  strain  rate  of  1.8  x  lO"^  s‘l .  The  logarithms  of  the  yield  stresses  in  Si 
and  Ge  are  linear  with  respect  to  the  reciprocal  temperature  in  the  whole  temperature  range 
investigated.  The  same  holds  in  a  limited  temperature  range  of  500  -  700°C  for  the  alloy  of  = 
0.01  and  in  a  range  of  550  -  600°C  for  the  alloy  of  jt  =  0.04  and  0.10.  In  such  temperature  ranges 
the  yield  stresses  of  the  alloys  are  close  to  that  of  Ge.  The  temperature  dependencies  of  the  yield 
stresses  of  the  alloys  become  much  weaker  in  a  higher  temperature  range.  Such  a  temperature 
range  expands  toward  the  low  temperature  side  with  an  increase  in  the  magnitude  of  x.  Thus,  the 
yield  stresses  of  the  GeSi  alloys  are  nearly  constant  with  respect  to  the  temperature  and  are  much 
higher  than  that  of  Ge  in  the  high  temperature  range.  Siethoff  observed  the  temperature-dependent 
lower  yield  stresses  of  Si  crystals  doped  with  Ge  up  to  x  =  0.016  similar  to  that  of  pure  Si[121. 
This  may  be  attributed  to  rather  low  Ge  contents  and  also  to  the  fact  that  deformation  temperature 
was  too  low  to  render  the  temperature-independent  yield  stress  appreciable  in  his  SiGe  alloys. 

Figure  6  shows  the  dependence  of  the  yield  stress  of  the  Ge  l-^Six  alloys  under  a  shear  strain  rate  of 
1.8  X  10^  s at  900°C  on  the  Si  content  x.  The  yield  stress  increases  with  increasing  Si  content  in 
the  composition  range  x  =  0  -  0.4  investigated.  Since  the  yield  stresses  of  the  alloys  with  x  >  0.10 
are  much  higher  than  that  of  pure  Si,  the  maximum  of  yield  stress  is  presumed  to  exist  in  the  range 
X  =  0.5  -  1.0.  Such  a  composition  dependence  differs  significantly  from  the  composition 
dependence  of  the  room  temperature  hardness  of  the  GeSi  alloys  obtained  with  a  Knoop  indentor 
with  a  25  g  load  for  10  s  shown  by  open  triangles  in  Fig.  6.  The  hardness  at  room  temperature 
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Fig.  6.  Yield  stresses  Ty  of  the  GeSi  alloy  plotted 
against  the  Si  content  x  for  deformation  at  9(X)°C 
under  a  strain  rate  of  1.8  x  10^  s'l  together  with 
Knoop  hardness  //k-  The  thin  line  shows  the 
fitting. 


increases  linearly  with  the  Si  content  up  to  jc  =  1.  This  might  be  related  to  the  fact  that  the  yield 
stresses  of  the  GeSi  alloys  are  not  much  different  from  that  of  Ge  at  low  temperatures. 

Discussion. 

The  velocities  of  dislocations  in  the  Ge  i-x  Si^  alloys  with  x  =  0.004  -  0.080  are  a  little  lower  than 
that  in  Ge  crystals  in  the  temperature  range  450  -  700“C  .  This  may  account  for  rather  small 
difference  between  the  yield  stresses  of  the  alloys  of  these  compositions  and  that  of  Ge  observed  in 
such  a  temperature  range. 

The  flow  stress  of  a  crystal  in  any  deformation  stage  consists  of  two  components.  One  is  the 
effective  stress  that  is  necessary  to  move  dislocations  at  a  certain  velocity  against  the  intrinsic 
resistance  (Peierls  potential)  of  the  crystal  via  a  thermally  activated  process.  The  other  is  the 
athermal  stress  that  is  the  component  necessary  to  overcome  any  resistance  not  thermally 
surmountable  and  depends  weakly  on  the  temperature.  If  we  assume  that  alloying  results  in  a 
drastic  increase  of  the  Peierls  frotential  and  reduces  the  dislocation  velocity,  we  may  expect  that  the 
stress  drop  at  the  yield  point  should  be  more  remarkable  in  GeSi  alloy  than  in  Ge  on  the  basis  of 
dislocation  dynamical  treatment  of  yielding  in  semiconductors  1 13).  Furthermore,  the  strengthening 
effect  caused  by  alloying  should  become  less  remarkable  as  the  temperature  is  increased.  Neither 
is  in  agreement  with  the  present  experimental  results.  The  variation  in  the  yield  stress  with 
temperature  in  the  GeSi  alloys  can  be  interpreted  to  show  that  the  flow  stress  of  the  alloy  has  an 
athermal  stress  component  that  is  absent  in  Ge  and  Si.  Such  athermal  stress  component  related  to 
alloying  becomes  large  with  an  increase  in  the  Si  content  up  to  x  =  0.5. 

There  are  some  possible  origins  for  athermal  stress  related  to  alloying,  as  discussed  in  the  previous 
papers  on  GaAsP  and  InAsP  alloys[7,8|.  Short-range  order  of  Lli  structure  is  reported  to  exist  in 
strained  layer  superlattice  thin  layers  grown  on  substrates  by  molecular  beam  epitaxy  or  metal 
organic  chemical  vapour  deposition  by  some  research  groups  [14-16].  It  can  result  in  an  extra  stress 
of  athermal  nature  to  move  dislocations,  since  the  motion  of  a  dislocation  destroys  the  short-range 
order  along  its  slip  plane  and  produces  an  interface  of  excess  energy  along  its  slip  plane[17|. 
However,  it  is  difficult  to  detect  the  ordered  structure  in  bulk  GeSi  alloy  [18]. 

Long-range  stress  may  be  induced  with  a  relation  to  the  local  fluctuation  of  the  alloy  composition  in 
a  crystal.  Since  the  bond  lengths  of  Si  and  Ge  differ  by  about  4  %,  local  fluctuation  of  the  alloy 
composition  in  the  crystal,  causing  the  development  of  small  regions  enriched  with  Si  or  Ge,  may 
induce  a  long-range  stress  field  that  cannot  be  surmounted  thermally  by  dislocations.  The 
composition  dependence  of  the  athermal  stress  estimated  for  Gei-xSiji:  is  given  by  the  x(l  -  x) 
relation,  as  shown  by  a  thin  line  in  Fig.  6.  This  means  that  dislocations  in  GeSi  alloy  move  by 
repeating  bowing  out  processes  around  the  long  range  stress  fields. 

The  dynamic  development  of  a  solute  atmosphere  around  a  dislocation  during  deformation  at  high 
temperatures  leads  to  an  extra  stress  necessary  to  release  the  dislocation  from  the  solute  atmosphere. 
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In  fact,  the  Portevin-LeChatelier  phenomenon  was  observed  as  many  fine  serrations  on  the  stress- 
strain  curve  in  the  deformation  under  a  low  strain  rate.  Such  characteristic  is  interpreted  as  being 
caused  by  repeated  locking  and  releasing  processes  of  dislocations  due  to  the  interaction  with 
impurities  as  observed  in  highly  doped  GaAs  with  impurities!  19].  Though  the  releasing  process  of 
a  dislocation  from  its  solute  atmosphere  is  a  thermally  activated  one,  the  development  of  solute 
atmosphere  around  the  dislocation  is  more  enhanced  at  higher  temperature.  Thus,  the  contributions 
of  these  effects  to  the  flow  stress  compensate  each  other  and  may  give  rise  to  temperature- 
insensitive  resistance  to  the  dislocation  motion,  apparently  looking  like  an  athermal  stress. 

Either  or  both  of  the  local  fluctuation  of  alloy  composition  or/and  the  dynamic  development  of 
solute  atmosphere  around  dislocations  are  thought  to  suppress  the  dynamic  activity  of  dislocations 
and  result  in  the  strengthening  of  bulk  GeSi  alloy  at  elevated  temperatures.  Direct  observations  of 
such  effect  on  the  dynamic  activity  of  an  individual  dislocation  is  a  task  in  the  future. 

Conclusion.  • 

The  mechanical  strength  and  the  dislocation  velocity  in  bulk  single  crystals  of  Gei-j^Si^  alloy 
grown  by  the  Czochralski  method  were  investigated.  The  dislocation  velocity  in  the  composition 
range  x  =  0.004  -  0.080  can  be  expressed  by  an  empirical  equation  as  a  function  of  the  stress  and  the 
temperature.  The  dislocation  velocity  decreases  with  an  increase  in  the  Si  content,  reaching  about 
one  seventh  of  that  in  pure  Ge  at  a:  =  0.080.  The  stress-strain  behaviour  in  the  yield  region  of  the 
GeSi  alloys  is  similar  to  that  of  Ge  and  Si  in  the  temperature  range  lower  than  about  600°C.  The 
yield  stress  of  the  alloys  is  temperature-insensitive  at  high  temperatures  and  increases  with 
increasing  Si  content  from  jc  =  0  to  0.4.  The  composition  dependence  of  the  yield  stress  follows  the 
x(\  -  x)  relation.  Built-in  stress  fields  related  to  local  fluctuation  of  the  alloy  composition,  together 
with  dynamic  development  of  solute  atmosphere  around  dislocations,  seem  to  suppress  the  activity 
of  dislocations  and  bring  about  the  hardening  of  the  GeSi  alloy. 
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Abstract 

In  this  paper,  an  original  method  to  evaluate  the  band  offsets  values  in  the  SiGeC/Si(100)  system  is 
proposed  using  DLTS  spectroscopy  performed  on  W/p-SiGeC/p-Si(100)  samples.  We  have  worked 
on  pseudomorphic  SiGeC  layers  with  C  content  varying  from  0%  to  1.25%  to  observe  the  change 
over  from  compressive  to  tensile  strain.  We  have  detected  three  levels.  One  is  located  near  the 
Schottky  contact  W/SiGeC,  an  other  is  located  in  the  bulk  and  the  third  is  situated  at  the  SiGeC/Si 
interface.  We  suppose  that  this  latter  is  an  intrinsic  defect  and  can  be  referred  to  the  vacuum  state  or 
the  minimum  energy  of  the  conduction  band.  Consequently  its  activation  energy  variation^  versus  [C] 
follows  the  band  structure  and  in  particularly  the  band  offset.  Its  activation  energy  increases  up  to 
0.8%  C  and  decreases  after.  This  suggests  that  AEv  and  AEc  decrease  with  C  content  respectively  for 
compressive  and  tensile  strained  layers  in  good  agreement  with  recent  reported  results. 

Introduction 

It  is  well  known  at  the  present  time  that  C  incorporation  in  pseudomorphic  Sii-xGe^  compensates 
strains.  Consequently,  the  critical  thickness  is  pushed  back  and  a  ratio  1:12  between  C  and  Ge  leads 
to  the  lattice  match  on  Si  [1,2]  Furthermore,  recent  photoluminescence  results  showed  that  the  band- 
gap  energy  increases  by  20-26  meV/%C  for  compressive  strained  SiGeC  layers  while  it  decreases  by 
57-65  meV/%C  for  tensile  strained  Sii-yCy  layers  [3-6]. 

Although  few  electrical  properties  of  this  new  ternary  alloy  have  been  reported,  the  band  offset  is  one 
of  the  main  property  features  in  electronic  devices  such  as  MODFET  or  heterojunction  Bipolar 
Transistor  (TBH).[4].  So  its  knowledge  is  fundamental,  but  remains  questionable  up  to  now  in  the 
SiGeC/Si  system. 

In  this  study,  we  propose  an  estimation  of  the  band  offset  in  the  SiGeC/Si(100)  system  by  using 
DLTS  measurements  on  W/p-type  Schottky  diodes  versus  C  content.  Recent  studies  have  showed 
that  tungsten  Schottky  contacts  have  a  good  quality.  More  details  on  W  metallization  on  SiGeC 
materials  are  available  elsewhere  [7]. 

Experimental  details 

Samples  were  grown  on  p-type  substrate  'using  RTCVD  (Rapid  Thermal  Chemical  Vapor 
Deposition).  After  a  RCA  cleaning,  a  HF  dip  and  a  thermal  flash  cleaning  at  1000  °C  under  a 
hydrogen  flow,  a  100  nm  silicon  buffer  was  grown  at  900  °C  under  a  working  pressure  of  1  Torr. 

The  100  nm  SiGeC  layer  was  grown  at  550  °C  with  silane  (SiHs),  germane  (GeHs)  and  methylsilane 
(SiHsCHs)  as  precursor  gas.  Carbon  has  been  substitutionnaly  incorporated  up  to  1.25%  and  Ge 
content  was  10%.  XRD  (X-ray  diffraction),  infrared  spectroscopy  and  Rutherford  backscattering 
spectroscopy  were  performed  to  confirm  the  high  structural  quality  of  the  SiGeC  layers.  P-type 
doping  was  obtained  by  using  diborane  (B2H6),  Secondary  Ion  Mass  Spectroscopy  measurements 
have  given  6-8  10‘’  at  /  cm^  for  the  SiGeC  films  and  1-2  lO’^  at  /  cm^  for  the  Si  substrate.  The  buffer 
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was  non  intentionally  doped.  More  details  of  the  structure  growth  are  given  in  [8],  W  deposition  has 
been  achieved  in  a  magnetron-DC  sputtering  system.  Schottky  contacts  were  defined  by 
photolithography  and  selective  etch  [7].  SiGeC  films  were  compressively  strained  for  weak  C 
contents  (from  0%  to  0.74%)  and  lightly  tensile  strained  for  the  higher  content  (from  1%  to  1.25%). 
We  have  performed  electrical  measurements  such  as  Current- Voltage,  Capacitance- Voltage,  and 
DLTS  (Deep  Level  Transient  Spectroscopy)  on  these  samples.  I-V  and  C-V  were  accomplished  to  be 
sure  of  the  integrity  of  the  Schottky  diode  to  perform  DLTS  measurements.  C-V  was  used  to  obtain 
the  doping  profiles  and  to  determine  the  Schottky  barrier  height  with  a  working  frequency  of  100 
kHz  (Tab.l). 


Sio.9Geo.i 

Sio.896Geo.  lCo.(K)4 

Sio.892GCo,  1  Co.  008 

Sio.89Geo,iCo.oi 

Sio.ssrGeo.  iCo.ois 

Vbi  (eV) 

0.40 

0.68 

0.54 

0.55 

0.48 

Table  1  :  Schottky  barrier  heights 


In  order  to  have  coherent  results,  admittance  spectroscopy  have  also  been  performed. 

Here  is  a  brief  DLTS  description:  The  diode  is  placed  under  reverse  bias  Vr  which  creates  a  depleted 
region  with  a  capacitance.  An  electrical  pulse  excitation  of  height  Hp  is  applied  and  the  level  is 
momentarily  full.  The  level  is  emptying  during  the  pulse  duration  time  tp.  After  the  pulse  excitation 
off,  the  capacitance  change  in  an  exponential  transient.  This  transient  is  measured  at  two  times  tl  and 
t2  versus  temperature  using  a  double  boxcar  and  the  DLTS  signal  corresponds  to  C(t2)-C(tl) 
According  to  C-V  (fig.l)  and  I-V  results  we  have  chosen  to  apply  0.5  V  as  Vr  and  1.5  V  as  Hp  in 
order  to  examine  the  whole  SiGeC  film  with  100  kHz  as  work  frequency  and  1  ms  as  filling-time  tp. 


Figure  1  :  doping  profiles  of  Sio  gGcQ  i  (a)  and  Sio  392^01^  o  oos  (b) 

a)  :  The  depleted  region  is  located  in  the  SiGe  layer 

b)  :  The  located  region  is  located  in  the  bulk  region 
We  presume  that  C  intoduces  a  compensation  effect 


Experimental  results 

For  the  C-free  sample,  the  depleted  region  at  0.5V  reverse  bias  was  located  at  about  100  nm  from  the 
Schottky  contact.  This  allowed  us  to  confirm  a  p-doping  around  of  6-8. lO'^  at/cm^  in  the  SiGe  layer. 
For  the  samples  containing  C,  the  more  the  carbon  content  increases,  the  more  the  depleted  region  is 
located  far  in  the  bulk  region.  We  conclude  that  the  carbon  incorporation  introduces  a  compensation 
effect  in  the  SiGeC  layer. 

By  performing  DLTS  versus  electrical  field  Vp,  three  levels  have  appeared  (fig.2).  We  called  them 
D1,D2  D3. 
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Figure  2  :  DLTS  spectra  of  SIq  392660  jC  0.008 
versus  Hp  for  two  emission  rates. 

We  observe  that  D3  immediately  appears  while 
D2  and  D1  appears  when  Hp>Vbi. 


The  figure  3  gives  the  Arrhenius  plots  corresponding  to  the  DLTS  signatures  of  all  the  measured 


traps. 


Figure  3:  Anhenius  plots  for  all  levels. 

We  have  classed  the  defects  in  three  groups  D1,D2 
D3,  versus  their  activation  temperatures. 


We  have  reported  in  table  2  the  results  for  the  Sio.gGeo.i  and  Si0.892Ge0.1C0.008  samples  for 
comparison.  Table  3  gives  the  activation  energy  results  on  all  the  samples.  Dl'only  appears  when  the 
electrical  excitation  is  superior  to  the  Schottky  barrier  but  we  did  not  detect  it  in  all  the  samples.  D3 
appears  in  all  samples  containing  C  because  we  were  able  to  probe  the  buffer  and  substrate  regions  in 
these  structures.  Furthermore,  for  D1  and  D2  we  observed  a  Poole-Frenkel  effect.  DLTS  versus 
reverse  bias  has  been  achieved  and  the  ratio  AC/C^r  has  been  calculated  for  each  sample.  This  ratio  is 
constant  for  D1  and  D2  which  strongly  suggests  that  these  defects  are  located  close  to  the  surface  of 
the  SiGeC/Si  interface,  in  good  agreement  with  DLTS  results. 
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Finally;  C-V  and  DLTS  results  lead  us  to  conclude  that  D1  and  D2  are  situated  in  the  SiGe  or  SiGeC 
layer,  D1  is  a  surface  defect  at  the  W/SiGeC  interface  and  D2  is  an  interfacial  defect  at  the  SiGeC/Si 
interface  while  D3  is  located  in  the  bulk  or  buffer  region. 


VpfV) 

1  Sio.gGco.i 

Sio.892Geo.1Co.008 

D1  (eV) 

D2(eV) 

DUeV) 

D2(eV) 

D3(eV) 

1 

0.20±0.02 

0.30+0.03 

0.18+0.02 

0.34+0.03 

0.43+0.04 

0.5 

0.28+0.03 

0.31+0.03 

0.29±0.03 

0.37+0.04 

0.43+0.04 

0 

0.32+0.03 

0.43+0.04 

Table  2  :  DLTS  results  versus  Vp  for  the  C-free  sample  and  the  Sio.892Geo.1Co.008  sample 


Energy 

SfyoGco.! 

Sio.896Geo.  1  Co.004 

Sio.892Geo.1Co.008 

Si0.89Ge0.1C0.01 

Si0.887Ge0.1C0.013 

D1  (eV) 

0.20+0.02 

0.18+0.02 

0.30+0.03 

D2  (eV) 

0.29+0.03 

0.30+0.03 

0.34+0.03 

0.32+0.04 

0.26+0.03 

D3  (eV) 

0.52+0.06 

0.40+0.04 

0.41+0.04 

0.41+0.04 

Table  3  :  DLTS  results  with  0.5V  as  reverse  bias  and  L5V  as  electrical  excitation 


We  have  examined  the  hole  trapping  behavior  versus  the  filling-pulse  duration(fig.4)  The  saturation 
of  the  DLTS  signal  rapidly  occurs.  A  logarithmic  dependence  of  DLTS  peak  height  on  filling-pulse 
duration  and  a  broadened  DLTS  peak-width  are  both  characteristic  properties  of  carrier  trapping  at 
dislocations  [9,10].  So,  in  regard  with  the  figure  4  we  identify  the  three  levels  as  being  related  to 
rather  punctual  defects  than  extended  ones  as  dislocations.  Photoluminescence  results  agreed  with  the 
good  structural  quality  of  the  layer  by  the  non-observation  of  the  dislocations  lines. 


Figure  4:  Hole  trapping  D2  behavior  versus  filling-pulse. 
This  establishes  that  D2  is  a  punctual  defect  (This  is  the 
same  behavior  for  the  other  levels). 


Discussion  about  the  determination  of  the  band  offsets  in  the  SiGeC/Si  system 

Several  investigations  have  been  achieved  to  study  the  effect  of  carbon  on  the  valence  band  offset  of 
compressively  strained  Sii-x-YGexCY/Si(100)  heterojunctions[ll,12].  They  found  a  decrease  of  25-30 
meV  as  1%  carbon  was  added  and  for  a  Ge  content  of  20.6%  with  admittance  spectroscopy 
The  measurement  of  low  value  of  band  offset  using  single  heterostructure  requires  a  very  good 
interface  quality  with  adapted  doping  profile  conditions  in  the  layers  on  each  side.  This  is  fiindamental 
in  order  to  form  a  bi-dimensionnal  gaz  of  carriers  at  the  interface  allowing  to  examine  their  emission 
through  the  band  offset  barrier.  This  is  not  really  the  case  in  our  study.  In  fact,  the  doping  is  not  well 
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adapted  due  to  the  compensation  effect  of  the  carbon  incorporation  and  the  low  doping  of  the  Si 
buffer  and  substrate.  Then,  another  point  is  to  consider  the  change  versus  the  C  content  of  the  energy 
for  a  deep  level  taken  as  an  energy  reference.  In  the  preceding  part  we  have  remarked  a  particular 
behavior  of  the  activation  energy  of  the  D2  level  versus  C  content  (see  fig.5).  Up  to  0.8%C,  its 
binding  energy  measured  from  the  valence  band  increases,  but  it  decreases  after  for  y=l%  and 
y=1.25%.  Note  that  the  perfect  strain  compensation  happens  for  about  [C]=0.9%.  So,  this  drastic 
energy  change  corresponds  to  the  transition  from  compressive  to  tensile  strain.  Consequently,  the 
energy  band  structure  is  affected  and  also  the  band  offset. 

First,  we  can  argue  that  D2  is  an  intrinsic  defect  of  the  SiGeC/Si  interface  and  it  could  be  referred  to 
an  internal  energy  reference  of  the  structure.  So,  its  binding  energy  variation  would  be  directly 
connected  to  the  valence  band  offset  variation  versus  C  content.  Taken  into  account  a  broaden 
analysis  of  our  results  due  to  the  lack  of  good  accuracy  of  our  DLTS  measurements,  we  found  (fig.5) 
a  valence  band  offset  energy  decrease  of  50±15  meV/%C  for  compressive  strained  SiGeC  layers.  This 
result  is  in  good  accordance  with  the  expected  evolution  of  the  AEv  versus  C  content  as  described  in 
recent  papers[ll,12]. 


Figure  5  :  Activation  energy  of  D2 
We  observe  : 

-  The  transtion  from  type  I  to  type  II  band  structure  correponding 
with  the  perfect  compensation  of  the  strains  at  [C]=0.8% 

-An  increase  of  (50  tl5)  meV/%C  for  compressive  strain 
-A  decrease  of  (I  isf  45)  meV/%C  for  tensile  strain 

However,  if  we  follow  this  track,  the  increase  of  AEv  for  tensile  strained  SiGeC  layer  doesn't  agree 
the  expected  AEv  evolution  which  would  be  keep  at  least  constant.  So,  we  have  to  hypothesize  that 
the  D2  level  is  referred  to  the  conduction  band  minimum  energy  .  So,  we  can  consider  that  the  energy 
between  the  conduction  band  and  the  D2  level  is  constant.  In  that  case,  the  evolution  of  its  energy 
measures  the  decrease  of  AEv  for  compressively  strained  SiGeC  layers  and  the  increase  of  AEc  in 
tensile  strained  SiGeC  layers.  This  is  possible  because  i)  change  in  band  gap  of  SiGe  as  carbon  was 
added  is  mainly  accommoded  in  the  valence  band  for  compressively  strained  SiGeC  layers  [12];  ii)  we 
measure  by  DLTS  the  energy  of  the  D2  level  related  to  the  Si  valence  band  energy  when  the  one  of 
SiGeC  becomes  lower. We  have  found  5AEc=115±45  meV/%C  in  good  agreement  with  recent 
published  papers[ll,6]. 


170 


Defects  in  Semiconductors  -  tCDS-19 


Conclusion 

To  sum  up  this  work,  we  have  performed  C-V,  I-V  ,  admittance  spectroscopy  and  DLTS  on 
W/SiGeC  Schottky  diodes.  We  have  found  a  defect  situated  at  the  SiGeC/Si  interface.  Its  activation 
energy  increases  with  [C]  for  compressively  strained  SiGeC  films  and  decreases  with  [C]  for  tensile 
strained  films.  Considering  that  this  level  was  referred  to  the  conduction  band  minimum  energy  as 
being  an  intrinsic  heterojunction  defect ,  we  have  proposed  a  shift  of  the  band  offsets  corresponding 
to  the  shift  of  its  activation  energy  versus  C  content.  Furthermore,  our  results  showed  the  transition 
from  compressive  to  tensile  strain  which  may  correspond  to  the  transition  from  type  I  to  type  II  band 
alignment. 
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Abstract.  A  variety  of  molecular-dynamics  (MD)  techniques  are  being  used  to  predict  prop¬ 
erties  of  defects  in  semiconductors.  Simulated  quenching  provides  local  and  global  minima  of 
complicated  potential  surfaces,  while  constant  temperature  simulations  lead  to  the  prediction 
of  vibrational  frequencies,  diffusivities,  and  defect  interactions.  Thermodynamic  quantities 
such  as  the  entropy  are  also  being  calculated.  This  paper  contains  a  non-technical  overview  of 
the  key  ingredients  and  implementations  of  MD  simulations.  As  an  example,  the  diffusivity 
of  H  in  Si  is  discussed. 

I.  Introduction. 

Molecular-dynamics  (MD)  simulations  are  a  theoretical  tool  of  growing  importance  (for  recent 
reviews,  see  Refs.  [1,2]).  A  number  of  methodologies  are  applied  to  macroscopic  problems 
(such  as  wafer  bonding[3])  els  well  els  to  microscopic  (localized)  defects.  Many  authors  produce 
‘movies’  showing  atoms  vibrating,  impurities  hopping  around  or  bouncing  off  surfaces,  all  of 
it  calculated  in  real  time.  Such  visualizations  help  enormously  when  it  comes  to  convincing 
an  audience  (and  oneself).  MD  simulations  give  a  new  set  of  coordinates  at  every  time  step. 
Since  one  calculates  10"  time  steps  where  n  ranges  from  3  to  6,  the  amount  of  data  generated 
is  huge.  It  is  now  the  computer  itself  that  reads  the  output  of  the  calculation  and  turns  it 
into  pictures.  The  process  is  so  appealing  that  it  is  easy  to  believe  the  results. 

This  paper  discusses  at  a  non-technical  level  the  various  methodologies,  their  strengths  and 
drawbacks,  and  contains  a  few  examples.  Space  is  much  too  short  for  a  comprehensive 
review  of  the  topic.  My  goal  is  to  give  the  reader  a  flavor  of  the  computations  involved,  the 
approximations  made,  and  the  tricks  used. 

II.  Overview  of  the  methodologies. 

Classical  MD  simulations  use  the  Born-Oppenheimer  approximation  to  separate  the  nuclear 
and  electronic  problems.  The  temperature  T  is  included  via  the  kinetic  energy  of  the  nuclei, 
which  becomes  an  explicit  part  of  the  total  energy.  This  kinetic  energy  is  only  a  small 
fraction  of  the  total  energy.  However,  it  can  dominate  the  gradient  of  the  energy.  Note 
that  for  quantum  solids  such  els  He,  treating  the  ions  classically  leads  to  drastic  errors.  For 
semiconductors,  this  is  usually  not  important,  especially  at  high  T  as  phonons  destroy  the 
coherence.  However,  tunneling  cannot  be  described.  If  one  is  studying  the  vibrational  modes 
of  a  system,  the  classical  limit  means  ksT  >  hw  where  u>  is  the  relevant  frequency.  MD  is  an 
intrinsically  high-temperature  technique. 

The  nuclei  are  treated  classically,  that  is  one  solves  Newton’s  laws  of  motion  with  forces 
obtained  from  the  total  energy  via  the  Hellman-Feynman  theorem.  [4]  There  are  a  number 
of  efficient  algorithms[5]  to  obtain  the  equations  of  motion  for  each  nucleus.  The  various 
MD  methods  differ  in  the  way  the  electronic  part  of  the  energy  is  computed,  that  is  how 
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Schrodinger  equation  is  solved.  This  is  the  most  difficult  and  computer-intensive  part  of  the 
problem.  The  various  MD  methods  can  be  subdivided  into  four  broad  groups: [1,2]  semiempir- 
ical  potentials,  empirical  tight-binding,  ab-initio  plane  waves,  and  ab-initio  tight-binding.  Of 
course,  hybrid  methods  exist  as  well.  These  groups  differ  in  the  way  the  quantum  mechanical 
part  of  the  calculation  is  done. 

Semiempirical  potentials  give  rise  to  the  simplest  and  fastest  MD  codes.  One  decides  on  a 
functional  form  for  the  total  energy  of  a  system  of  particles  and  the  forces  between  them.  The 
parameters  are  adjusted  to  reproduce  some  set  of  experimental  data  or  accurate  total-energy 
calculations.  The  simplest  methods  use  pair  and  three-center  potentials,  more  sophisticated 
ones  involve  calculating  for  a  given  atom  the  equivalent  of  an  effective  field  which  includes  all 
the  surrounding  atoms. [6]  The  key  problem  is  transferability.  The  parameters  are  fit  to  some 
bonding  configuration,  and  there  is  no  guarantee  that  different  types  of  bonding  will  also  be 
well  described.  The  best-known  empirical  method  for  Si  is  that  of  Stillinger  and  Weber. [7] 

Empirical  Tight-Binding  (ETB)  methods  explicitely  solve  the  one-body  Hamiltonian  ma¬ 
trix  whose  eigenvalues  approximate  the  electronic  energies.  The  electronic  eigenstates  are 
written  as  a  linear  combination  of  localized  (atomic-like)  orbitals, [8]  and  the  sum  of  the  oc¬ 
cupied  eigenvalues  is  the  attractive  electronic  contribution  to  the  energy.  One  must  add  a 
repulsive  interaction,  which  is  obtained  by  some  fitting  procedure.  Orthogonal  TB  methods 
assume  that  the  basis  functions  are  mutually  orthogonal,  which  is  a  rather  drastic  approxi¬ 
mation  but  simplifies  the  computations  enormously.  The  radial  part  of  the  basis  functions  is 
cut  off  smoothly  at  some  distance  from  the  nucleus,  typically  SA  in  the  case  of  Si.  Semiem¬ 
pirical  parameters  are  used  to  fit  the  repulsive  potentials  and  some  hopping  integrals.  The 
parameters  are  often  fit  to  reproduce  selected  properties  of  crystalline  silicon. 

The  methods  involve  an  N  x  N  matrix  diagonalization,  which  is  an  process,  where  N 
is  the  size  of  the  basis  set.  However,  the  programs  are  rather  simple  to  write.  Further,  the 
band  gap  is  fit  and  presumably  comes  out  right.  This  type  of  approach  also  has  transfer- 
ability  problems.  The  most  widely  used  ETB  Hamiltonians  for  force  calculations  are  those 
of  the  Goodwin-Skinner-Pettifor  type.  [9]  Non-orthogonal  ETB  Hamiltonians  have  been  pro¬ 
posed, [10, 11]  and  they  appear  to  be  more  transferable  than  orthogonal  ones.  Tang  et  al. 
compared  the  formation  energies  of  the  vacancy  and  self-interstitial  in  Si  calculated  with 
various  potentials, [12]  and  report  quite  a  spread  not  only  in  the  defect  formation  energies  but 
the  lowest  energy  configurations  as  well. 

Ab-initio  methods  are  so  named  because  they  contain  no  experimental  input.  All  of  the 
methods  used  for  MD  simulations  are  based  on  density-functional  (DF)  theory,[13]  often 
within  the  local  density  approximation  (LDA).  In  principle,  one  could  do  MD  simulations 
based  on  ab-initio  Hartree-Fock  (HF).  However,  this  method  scales  as  N‘^  {N  is  the  basis  set 
size),  which  makes  it  much  too  slow  for  that  purpose.  Pseudopotentials[14]  are  introduced 
so  that  only  the  valence  electrons  are  treated  explicitely.  The  choice  of  pseudopotentials  is 
dictated  by  the  basis  set.  Plane- wave  calculations  require  ‘soft’  pseudopotentials,  in  particular 
for  elements  with  strong  potentials,  such  as  O,  F,  or  3d  transition  metals. 

Two  types  of  basis  sets  are  used:  plane  waves,  with  functions  included  up  to  some  cutoff 
energy  (typically  8  to  16  Ry),  and  local  basis,  with  sets  of  atomic- like  orbitals  centered  on 
each  ion  (typically  s,  p,  or  even  d).  Plane  waves  are  often  associated  with  the  Car-Parrinello 
(CP)  approach,  while  local  basis  are  referred  to  as  ab-initio  tight-binding. 

In  1985,  CP[15]  revolutionized  ab-initio  MD  simulations  with  what  is  now  known  as  the  CP 
method.  Usually,  it  is  taken  to  mean  an  MD  simulation  using  a  plane  wave  basis  set  and 
an  iterative  minimization  scheme  to  solve  the  electronic  problem  with  the  self-consistent  DF 
equations.  Plane  waves  work  well  because  of  the  great  speed  of  fast  Fourier  transforms.  The 
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key  contribution  of  CP  was  to  show  that  an  actual  diagonalization  of  the  huge  matrix  is  not 
necessary.  Instead,  they  use  a  fictious  Lagrangian  to  calculate  the  LDA  energy.  The  method 
still  involves  ~  computations  per  iteration,  where  N  is  the  number  of  atoms  times  the 
number  of  plane  waves  per  atom  (usually  100  to  1,000).  A  similar  (but  faster)  method  was 
developed  by  Scheffler  and  his  group. [16] 

The  local  basis  method  was  developed  by  Sankey  and  co-workers. [17]  The  set  consists  of 
pseudo-atomic  orbitals  (PAOs)  calculated  within  the  LDA.  The  use  of  minimal  basis  sets 
reduces  the  variational  freedom  but  speeds  up  the  calculations.  The  PAOs  are  (smoothly) 
cut  at  some  distance  from  the  nucleus.  This  distance  must  be  short  otherwise  each  atom 
overlap  with  all  the  others  and  the  computation  time  becomes  excessive.  In  the  case  of  Si,  a 
typical  cutoff  radius  is  of  the  order  of  Sob,  that  is  two  Si  atoms  more  than  10  as  apart  do  not 
overlap.  The  eigenvalues  and  eigenvectors  are  easily  expressed  in  terms  of  the  PAO’s,  which  is 
very  helpful  in  interpreting  the  results.  The  faster  version  of  the  code  uses  the  linearized,  non 
self-consistent,  version  of  DF  theory  (Harris  functional[18]),  which  is  quite  good  in  situations 
which  do  not  involve  too  much  charge  transfer.  The  fully  self-consistent  version  is  slower. 

A  few  comments  about  energy  gaps  and  eigenvalues  are  in  order.  First,  within  the  LDA,  the 
DF  method  produces  gaps  that  are  considerably  too  small.  In  most  cases,  this  won’t  matter 
much.  However,  it  can  introduce  errors  in  the  total  energy  if  there  are  occupied  states  in  (or 
near)  the  conduction  band.  Such  errors  can  often  be  removed  by  considering  the  appropriate 
differences  in  total  energy.  Second,  the  eigenvalues  are  computed  as  a  contribution  to  the  total 
energy,  but  they  are  not  the  only  contribution.  Thus,  the  meaning  of  the  energy  eigenvalues  is 
not  exactly  the  same  as  in  a  simple  single-particle  picture.  Third,  the  eigenvalues  themselves 
change  as  the  occupation  of  single  particle  states  changes.  In  any  case,  it  is  difficult  to  predict 
the  position  of  energy  levels  in  the  gap  -  especially  unoccupied  ones  -  and  very  little  is  known 
about  conduction  band  states.  Ultimately,  the  difference  in  energy  between  two  (global) 
states  of  a  system  must  be  computed  by  comparing  their  total  energies,  not  eigenvalues. 
Special  care  must  be  taken  not  to  over-interpret  the  energy  eigenvalues. 

Order  N  methods,  0{N),  are  so  named  because  the  CPU  time  increases  linearly  with  the 
size  of  the  system  (for  large  systems).  Ab-initio  methods  or  ETB  are  of  order  because 
the  diagonalization  of  an  X  A  matrix  involve  ~  operations.  For  such  methods,  current 
practical  limits  are  supercell  sizes  of  about  a  hundred  atoms  and  simulation  times  of  the 
order  of  10  ps  or  so.  There  is  presently  a  vigorous  quest  for  quantum  mechnical  methods 
which  scale  linearly  with  the  size  of  the  problem.  This  is  a  competitive  and  fast-moving  field. 
The  methods  are  normally  orthogonal  tight-binding,  and  each  atom  only  overlaps  with  a  few 
nearest-neighbors.  As  a  result,  the  matrices  are  sparse.  The  codes  can  be  parallelized,  which 
tremendously  increases  their  computational  efficiency.  The  mathematical  details  are  tricky, 
and  complete  discussions  are  given  in  Refs.  [19-21].  0{N)  methods  heavily  approximate  the 
electronic  problem.  They  are  best  at  high  T,  when  the  ions  have  a  large  kinetic  energy  which 
makes  their  behavior  much  less  dependent  on  the  details  of  the  potential  energy  surface. 

III.  Practical  aspects  and  tricks. 

MD  simulations  of  defects  in  semiconductors  are  done  in  periodic  supercells.  In  the  case  of 
Si,  a  typical  cell  contains  64  atoms  and  equivalent  points  in  adjacent  cells  are  11  A  apart. 
In  such  cells,  4  k-points  in  the  Brillouin  zone  are  used  for  the  calculation.  Larger  cells  most 
often  restrict  the  reciprocal-space  sampling  to  just  the  F  point  (k=0). 

Typical  time  steps  range  from  0.1  fs  up  to  5.0  fs.  The  shorter  times  must  be  used  when 
dealing  with  a  light  atom  such  as  H,  while  longer  times  are  appropriate  for  something  heavy 
and  slow  like  Ga.  Thus,  even  simulations  involving  10®  tirne  steps  represent  only  something 
like  a  ns  real  time.  For  ab-initio  methods,  the  practical  limit  is  of  the  order  of  10  ps. 
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At  each  step,  the  quantum  mechanical  problem  must  be  solved  as  fast  as  possible  (may  be 
one  minute  of  CPU  time  or  less).  By  comparison,  a  (single-point)  large  basis  set  ab-initio 
HF  calculation  in  a  44  Si-atoms  cluster  with  no  symmetry  takes  days  (weeks)  of  CPU  time. 
The  MD  game  is  one  of  ‘give-and-take’,  where  one  sacrifices  accuracy  in  exchange  for  speed 
or  size,  and  vice-versa.  If  the  recent  progress  in  computer  power  continues  to  increase,  the 
balance  will  shift  in  favor  of  longer  ab-initio  simulations  in  larger  clusters.  However,  it  is  not 
likely  that  the  million-atom  cell  and  the  ns  simulation  will  become  routine  anytime  soon. 

Typical  uses  of  MD  simulations  include  crystal  growth  and  melting,  ion  implantation,  wafer 
bonding,  as  well  as  the  calculation  of  vibrational  frequencies,  the  search  for  global  or  local 
minima  of  a  potential  energy  surface,  the  simulations  of  defect  reactions  and  diffusivities,  the 
calculations  of  thermodynamic  properties,  etc.  Some  types  of  calculations  require  large  tem¬ 
perature  gradients,  others  keep  T=const.  for  as  long  as  computationally  tractable.  Since  the 
initial  ionic  velocities  are  assigned  randomly  (usually,  a  gaussian  distribution  corresponding 
to  the  desired  initial  temperature),  the  cell  must  always  be  allowed  to  equilibrate  for  several 
hundred  time  steps  before  any  calculation  is  done. 

Simulated  quenching  consists  in  removing  a  fraction  of  the  ionic  kinetic  energy  every  few 
time  steps  (the  reverse  process  -  simulated  annealing  -  is  also  possible).  It  mimics  the  cooling 
down  of  the  material.  However,  computer  quenching  occurs  much  faster  (real  time)  than  can 
be  done  in  the  lab:  the  temperature  drops  from  a  very  high  value  to  near  zero  within  less 
than  a  ns!  This  method  allows  a  search  for  local  (fast  quench)  and  global  (slow  quench) 
minima  of  the  potential  energy  surface.  Note  that  one  really  wants  the  minima  of  the  free 
energy,  and  this  has  already  been  calculated  in  some  cases. [22] 

If  one  deals  with  a  large  defect  with  many  degrees  of  freedom,  the  number  of  local  minima 
increases  dramatically.  In  order  to  find  the  global  minimum  of  the  energy,  one  must  quench 
many  times,  starting  with  a  large  variety  of  initial  configurations  to  make  sure  that  the  global 
minimum  has  been  reached.  When  dealing  with  systems  containing  atoms  with  very  different 
masses,  such  as  H  in  Si,  it  is  often  useful  to  set  the  mass  of  H  to  a  value  close  to  that  of  Si. 
This  results  in  the  same  final  configuration,  allows  one  to  use  a  longer  time  step  and,  most 
of  all,  prevents  undesirable  oscillations  of  the  energy. 

Constant-temperature  simulations  are  limited  to  reactions  occurring  very  fast.  A  ther¬ 
mostat  must  be  used  to  control  the  temperature.  [23]  Simulations  lasting  several  thousand 
At’s  are  common  at  the  ab-initio  level,  those  lasting  a  few  hundred  thousand  At’s  require 
approximate  methods.  ‘Long’  simulations  last  ~  10  ps  [ab-initio)  up  to  a  ns  (ETB  or  0[N) 
methods).  Note  that  the  forces  are  calculated  and  Newton’s  equations  solved  at  each  time 
step.  Therefore,  the  accumulation  of  systematic  errors  is  not  a  serious  problem,  even  in 
very  long  simulations.  In  any  case,  it  is  desirable  to  speed  up  slow  reactions.  One  can  of 
course  raise  the  temperature,  and  then  all  the  reactions  occur  faster.  But  the  importance 
of  electronic  excited  states  increases,  and  these  are  normally  not  included  (although,  the 
finite-temperature  version  of  DF  theory  can  be  used[24]).  Again,  there  is  a  price  to  pay  for 
speeding  things  up.  A  number  of  other  tricks  are  commonly  employed. 

Kicks  of  one  (or  more)  atom(s)  can  be  used  to  simulate  e.g.,  the  capture  of  a  phonon.  A  kick 
may  consist  in  assigning  some  high  initial  velocity  to  an  ion.  One  could  also  underestimate 
the  initial  lattice  relaxation  around  a  defect.  The  size  of  a  kick  must  be  sufficient  to  force  the 
reaction.  The  process  must  be  carefully  controlled  in  order  to  make  sure  that  all  one  does  is 
speed  up  a  slow  reaction.  This  implies  a  good  understanding  of  the  processes  that  are  likely 
to  take  place.  The  extra  energy  associated  with  a  kick  is  rapidly  absorbed  by  the  phonon 
bath.  An  extreme  case  involves  assigning  a  kinetic  energy  of  several  keV’s  to  one  atom  m 
order  to  study  the  effects  of  ion  implantation.  [25] 
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In  order  to  find  a  diffusion  path  one  can  freeze  some  degrees  of  freedom  by  assigning  a 
large  mass  to  some  nuclei,  thus  restricting  their  motion.  One  can  also  force  the  diffusion  by 
pushing  one  or  more  ions  in  the  desired  direction,  for  example  by  cancelling  any  component 
of  the  net  force  pointing  in  the  opposite  direction.  In  the  ‘adiabatic  trajectory’  approach,  [26] 
the  diffusing  atom  is  forced  to  move  at  a  small  constant  speed  along  a  predetermined  path 
while  the  other  atoms  in  the  supercell  continuously  relax  in  response  to  its  motion. 

IV.  Example:  H  in  c-Si. 

Many  point  defects  and  defect  reactions  have  been  studied  using  MD  simulations.  The  list 
includes  interstitial  H, [27-30]  the  vacancy  (V), [12, 31-35]  the  self-interstitial, [11, 32- 34]  H — 
O,[30]  H — V,[32]  and  V — V[36]  interactions,  etc. 

The  case  of  H  is  a  good  example  because  it  has  been  studied  at  several  levels  of  MD  the¬ 
ory.  Experimentally,  the  situation  is  clear  only  at  high  temperatures,  where  the  data  of  Van 
Wieringen  and  Warmoltz  (WW)[37]  are  universally  accepted.  They  measured  the  diffusivity 
D  =  9.41  X  10“^  exp{— 0.48  eVIkT}  cm^Js  in  the  range  1240  <T  <  1480  K.  At  lower  tem¬ 
peratures,  measurements  of  H  diffusivity  give  values  that  are  in  most  cases  (but  not  always) 
much  below  the  extrapolation  of  the  WW  values.  The  diffusion  of  H  is  trap-limited,  [38]  and 
the  data  depend  on  the  Fermi  level,  the  type  of  sample  (e.g,  FZ  vs.  CZ),  the  impurity  and 
defect  content,  the  hydrogenation  conditions,  and  on  the  type  of  experiment. 

Most  ab-initio  (static)  calculations[39]  predict  that  H  is  found  in  three  charge  states,  H~  (at 
the  tetrahedral  interstitial  (T)  site),  (stable  at  the  bond-centered  (BC)  site  and  metastable 
near  the  T  site),  and  H"*"  (at  the  BC  site).  These  states  are  labeled  H^,  H^,  and 

respectively.  One  experiment  [40]  has  been  interpreted  as  showing  that  H  has  negative-U 
properties,  which  would  simplify  the  issue  since  H°  would  always  be  unstable.  In  particular, 
only  Hgc  would  exist  in  p-type  Si  and  only  in  n-type  Si.  However,  this  experiment  and 
its  interpretation  have  been  challenged  and  the  issue  is  not  resolved.  [40]  Muon-spin  rotation 
data  above  room  temperature  can  only  be  understood  if  several  states  of  muonium  coexist. 
There  are  other  data  that  are  difficult  to  explain  if  only  one  charge  state  of  H  is  present  in  a 
given  sample.  The  MD  studies  of  H  diffusion  have  clarified  some  the  issues. 

Buda  et  a/.  [27]  studied  H"*"  in  a  128  Si  atoms  cell  at  the  ab-inito  CP  level  in  the  range 
1000  —  1950  K  with  a  time  step  of  0.12  fs.  The  longest  simulation  lasted  4ps. 

Boucher  and  DeLeo[28]  studied  H°  in  a  64  Si  atoms  cell  at  the  orthogonal  ETB  level  with 
the  Goodwin  et  al.[9]  potential  for  Si-Si  interactions  and  a  Harrison- type  potential  for  Si-H 
interactions.  The  latter  had  to  be  scaled  to  get  the  abolute  minimum  of  the  potential  energy 
for  H  at  the  BC  site.  The  time  step  was  rather  long.  At  =  0.35  fs,  and  simulations  were 
performed  up  120,000  At’s  for  1050  <T  <  2000  K. 

Panzarini  and  Colombo[29]  went  from  1800  to  800  K  for  H°  in  a  64  Si  atoms  cell  with  an 
ETB  approach  similar  to  the  one  above,  but  using  their  own  Si-H  potential,  fitted  to  silane. 
Their  simulations  lasted  25  ps,  with  one  run  extended  to  300  ps!  The  time  steps  were  0.5  fs 
above  and  1.0  fs  below  1000  K. 

Park  et  al.  discussed  some  aspects  of  H  diffusion  within  their  studies  of  O-H[30]  and  V-H[32] 
interactions.  They  use  the  ab-initio  tight-binding  method  of  Sankey  et  al.[17]  in  64-atoms 
cells,  a  time  step  of  0.2  fs,  and  temperatures  above  1000  K. 

These  MD  simulations  of  H  diffusion,  done  at  three  levels  of  theory,  give  insights  into  how 
the  methods  compare.  Some  results  are  independent  of  the  methodology,  the  time  step,  the 
cell  size,  and  other  factors.  But  there  axe  many  differences  in  the  finer  details,  and  important 
differences  occur  at  low  T. 

All  the  authors  agree  that  both  Hg^;;  and  hop  from  BC  to  BC  site  without  spending  much 
time  in  interstitials  sites  such  as  T  where  the  electron  density  is  low.  There  are  differences 
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in  exactly  how  H  gets  from  one  BC  site  to  the  other,  how  long  it  stays  around  a  given  BC 
site,  which  sites  it  visits  while  oscillating,  etc.  These  differences  can  be  due  to  the  charge, 
(+1  vs.  0),  different  potentials  for  Si-H  interactions,  and  other  reasons.  Figure  1  shows  the 
trajectories  calculated  by  the  first  three  authors  at  comparable  temperatures. 


The  diffusion  is  characterized  by  rapid  hops  between  BC  sites  after  long  times  at  one  particular  site. 


Above  1,200  K  or  so,  the  calculated  diffusivities  are  in  good  agreement  with  the  WW  data. 
The  most  computer  intensive  calculation[27]  produced  just  three  values  of  the  diffusivity,  and 
all  are  above  the  WW  value.  It  is  possible  that  Hsc  diffuses  faster  in  the  +  than  the  0 
charge  state,  and  that  the  measured  value  is  the  average  diffusivity  of  several  charge  states 
in  the  sample,  with  H  spending  a  fraction  of  the  time  as  £[■*■  and  another  as  H°.  The  fit 
of  the  three  theoretical  points  to  an  Arrhenius  law  gives  the  activation  energy  for  diffusion 
Ea  =  0.33  ±  0.25  eV.  The  high-T  diffusivities  in  Refs.  [28,29]  are  remarkably  close  to  the 
WW  one  (D  =  6.91  x  10“^  exp{-0.45  eV/fcT}  cm^/s  in  Ref.  [28]).  However,  in  Ref.  [29]  and 
below  1200  K,  they  drop  substantially  below  the  extrapolated  WW  value.  It  is  not  clear  if 
the  shift  toward  smaller  values  (which  is  experimentally  observed)  is  to  be  expected  in  defect- 
and  impurity-free  Si.  It  is  usually  believed  that  the  diffusion  becomes  trap-limited  instead. 
Figure  2  shows  the  calculated  diffusivities. 


FIGURE  2:  Diffusivity  of  H  in  Si.  The  line  shows  the  extrapolation  of  the  WW  data.  Left:  the  three  stars 


are  from  Ref.  [27],  the  open  circles  from  Ref.  [29].  The  other  points  are  various  exprimental  data.  Right: 


the  three  crosses  are  from  Ref.  [27],  the  open  circles  from  Ref.  [28]. 
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A  final  note  from  Ref.  [30]:  Park  and  co-workers  report  that  while  hops  along  BC-BC 
paths,  hops  even  faster  along  T-T  paths.  is  metastable,  may  be  0.5  eV  or  so  above 
^Bc-  However,  a  substantial  relaxation  of  a  Si-Si  bond  (typically,  2.35  to  2.85  A)  is  required 
for  H  to  reach  a  BC  site.  Given  the  BC  site  may  be  hard  to  reach,  because  hops 
to  an  adjacent  T  site  before  two  Si  atoms  have  enough  time  to  relax  and  render  the  BC  site 
a  minimum  of  the  potential  energy.  This  situation  changes  at  very  high  T  and/or  near  a 
strained  region  of  the  crystal  (in  Ref.  [30],  this  was  caused  by  interstitial  O,  and  readily 
self-traps  at  a  BC  site  in  the  vicinity  of  0).  Thus,  the  mobility  of  H  may  be  unexpectedly  high 
in  some  regions  of  the  crystal.  Thus,  the  issue  of  H  diffusion  in  Si  is  still  not  fully  understood. 

The  potential  energy  surfaces  for  H  (obtained  by  quenching  down  to  0  K)  show  very  sub¬ 
stantial  differences  when  calculated  at  different  levels  of  MD  theory.  As  expected,  the  CP 
method[27]  predicts  results  that  are  very  close  to  those  obtained  with  various  ab-initio  (static) 
methods  (for  a  review,  see  Ref.  [39]).  However,  in  Ref.  [28],  the  minimum  of  the  potential 
surface  occurs  for  Hy  (instead  of  H^^),  and  the  Si— H  potential  had  to  be  scaled  appropri¬ 
ately.  On  the  other  hand,  in  Ref  [29],  the  hexagonal  interstitial  site  became  a  local  minimum 
of  the  potential  energy,  almost  degenerate  with  the  BC  site  (at  the  ab-initio  level, [39]  the 
hexagonal  site  is  always  a  saddle  point  of  the  energy  for  H).  However,  the  methods  seem  to 
work  much  better  at  high  temperatures. 
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Abstract.  The  dynamics  of  transitions  among  the  various  sites  and  charge  states  of  muonium 
(Mu)  in  Si  and  Ge  are  compared.  At  high  temperatures  longitudinal  depolarization  data  reveal 
rapid  muonium  charge  cycles  from  repeated  electron  capture  and  ionization.  In  Ge  separate 
0/  +  cycles  involving  Mu^f,  and  begin  near  200K,  while  a  three-step  cycle  involving  both 
neutral  centers  is  observed  above  400K  in  Si.  An  additional  state  joins  the  Ge  charge  cycles 
only  above  350K.  A  site  change  from  T  to  BC  occurs  near  room  temperature  for  Mu®  in  Si  and 
much  slower  bi-directional  Mu®  site  changes  begin  near  lOOK  in  Ge.  BC  to  T  site  transitions 
accompanied  by  electron  capture  are  seen  in  both  materials.  Details  of  the  transition  processes 
and  the  associated  dynamic  parameters  are  extracted  and  compared,  and  implications  for  the 
analogous  hydrogen  impurities  are  briefly  discussed. 

Introduction 

Hydrogen  is  now  well  known  to  modify  electrical  and  optical  properties  of  semiconductors. [1] 
This  occurs  by  formation  of  complexes  with  other  impurities  which  moves  defect  related  en¬ 
ergy  levels  into  or  out  of  the  gap.  The  dominant  charge  states  of  isolated  hydrogen  and  their 
diffusion  characteristics  partially  control  these  interactions.  Even  though  much  can  be  inferred 
regarding  isolated  hydrogen  from  the  properties  of  H-related  complexes,  the  most  direct  results 
are  from  studies  of  muonium  (Mu),  an  unstable  pseudo-isotope  of  hydrogen  in  which  a  posi¬ 
tive  muon  replaces  the  proton. [2]  We  have  investigated  the  dynamics  of  muonium  in  various' 
semiconductors,  focusing  recently  on  Ge.  The  site-changes  and  charge-state  transitions  which 
govern  diffusion  of  hydrogen  have  been  identified.  In  this  paper  we  compare  Mu  dynamics  in 
Ge  with  our  earlier  results  for  Si. 

In  both  Si  and  Ge,  as  well  as  many  other  semiconductors,  muonium  forms  four  distinct  states, 
which  we  label  as  Mu%c,  and  Muj  to  identify  the  site  and  charge-state.  The 

Mu®  centers  associated  with  the  tetrahedral  (T)  interstices  are  far  more  mobile  than  any  of 
the  other  states.  The  bond-centered  (BC)  configuration  has  the  lowest  energy  for  Mu®  in 
silicon;  however,  theoretical  calculations  for  Ge  predict  that  the  two  neutral  centers  have  very 
similar  energies  and  suggest  that  relative  site  stabilities  are  reflected  in  hydrogen  passivation 
effectiveness.  [.3]  Level-crossing  spectra  [4]  for  Mugc  and  ERR  results  for  if®  in  Si  [5]  have 
established  the  equivalence  of  H%q  and  Mu^q.  Our  recent  work  on  Mu  dynamics  in  Si  [6-8] 
and  GaAs  [9,10]  have  shown  that  a  series  of  charge-state  transitions  into  and  out  of  the  highly 
mobile  Mu^-  state  are  crucial  to  the  diffusive  properties  of  Mu  and  H.  We  have  investigated 
longitudinal  depolarization  rates  related  to  rapid  charge-state  transitions  in  an  ultra-pure 
germanium  sample  and  have  re-evaluated  previous  fiSK  spin  precession  data  on  Mu®  centers. 
The  present  results  show  that  the  relationship  between  site  changes  and  charge-state  transitions 
is  somewhat  different  for  Ge  compared  to  either  Si  or  GaAs.  More  complete  details  of  the  data 
and  analysis  for  Ge,  and  our  arguments  for  state  and  transition  assignments,  will  be  published 
elsewhere;  we  concentrate  here  on  results  obtained  thus  far. 
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Charge-State  Transitions 

In  silicon  RF  driven  magnetic  resonance  measurements  [7,8]  in  a  series  of  n-  and  p-type 
samples  yielded  a  full  description  of  the  dynamics  for  eight  separate  transitions  among  the 
four  observed  Mu  states.  All  but  one  of  these  involve  a  change  in  the  muonium  charge  state 
the  lone  exception  being  a  site  change  for  Mu®  from  the  metastable  T-site  to  the  BC  ground 
state  configuration.  The  single-site  charge-state  transitions  Mu^^  ->  Mu^c  and  Muy_-^  Muy 
occur  either  by  hole  capture  or  by  thermal  ionization  depending  on  doping  concentrations  and 
temperature,  while  the  reverse  transitions  occur  by  electron  capture.  Additional  e  capture 
transitions  were  identified,  accompanied  by  a  BC  to  T  site  change  resulting  in  Musc  Mu^ 
and  Mn%c  -t  Muj  state  changes.  At  very  low  temperatures  optical  excitation  initiates  a 
combined  /i"*"  capture  and  site-change  transition  of  Muj  — >■  Mug(j.[ll]  Above  about  400K  in 
intrinsic  Si  and  shifted  somewhat  in  doped  samples,  the  electron  capture  and  loss  transitions 
become  very  rapid  on  the  fis  time  scale  leading  to  rapid  cycles  of  the  muonium  charge  state, 
muon-spin  depolarization,  and  signal  loss  in  traditional  //SR  spin  precession  or  RF  resonance 
measurements.  Above  the  onset  temperature  for  Mu  charge  cycles  essentially  all  information 
is  derived  from  depolarization  rates  in  magnetic  fields  applied  parallel  to  the  initial  muon  spin 
direction. 

A  peak  in  the  depolarization  rate  vs  temperature,  as  shown  for  Si  [6]  and  Ge  in  Fig.  1,  provide 
the  primary  signature  for  these  rapid  cyclic  Mu  charge-state  transitions.  The  magnetic  field 
dependences  (not  shown)  provide  information  pertinent  to  identifying  the  Mu  centei  involved 
in  the  cycle  and  properly  scaling  transition  rates  with  the  hyperfine  frequency.  [6]  During  each 
cycle  a  random  e"  spin  orientation  is  introduced  into  the  combined  (//+,  e  )  spin  system  of  Mu 
upon  e-  capture.  This  randomness  is  transferred  to  the  muon  during  the  Mu  lifetime  by  the 
hyperfine  interaction,  thereby  decreasing  the  muon  polarization.  Each  cycle  is  most  effecMve  as 
a  depolarization  source  when  the  neutral-state  lifetime  matches  the  hyperfine  period..  Fits  of 
the  full  temperature  and  field  dependences  of  the  measured  longitudinal  depolarization  rates 
yield  the  hj'perfine  constant,  thus  the  Mu®  identity,  and  the  rates  for  both  tiansitions  in  a 
two-state  cycle,  or  equivalently  parameters  for  the  temperature  dependence  of  those  rates. 

Silicon-  A  two-state  description  of  the  charge-cycle  depolarization  identified  Mu^-  as  the  ac¬ 
tive  center  in  Si  even  though  the  BC  configuration  is  the  neutral  ground  state.  [6]  Subsequent 
comparison  of  transition  rates  from  RF  resonance  data  at  lower  temperatures  [7]  confirmed  a 
^l^jj-ee-state  cycle  initiated  by  ionization  of  Mugp  to  Mug(j  with  an  energy  of  0.22e\  ,  followed 
by  e~  capture  along  with  a  site  change  to  the  metastable  Muj  with  a  net  activation  eneigy  of 
0'.40eV,  and  completed  by  the  Mu®  site  change  back  to  the  BC  ground  state  with  a  barrier  of 
0  38eV.  The  depolarization  takes  place  in  the  Mu®  stage  (.4t^2000MHz)  since  at  these  temper¬ 
atures  the  Mu%c  lifetime  is  extremely  short  compared  to  its  hyperfine  period  (Abg^IOOMHz) 
such  that  minimal  loss  occurs  in  the  BC  state.  In  n-type  Si  we  do  see  depolarization  from  a 
0/-I-  charge  cycle  at  the  BC  site  just  a.bove  Mu^^  thermal  ionization  at  150K.  At  temperatures 
where  the  three-state  cycle  is  observed,  this  BC  charge  cycle  also  causes  no  depolarization. 

Additionally  in  n-type  samples  Muj  is  formed  via  e~  capture  by  Mu|.  and  is  very  stable  at 
low  temperatures.  For  donor  concentrations  above  the  mid-10“cnr  range  this  fraction  is 
large  enough  that  Muj  ionization  to  Mu?,  is  observed,  giving  an  ionization  energy  of  0.66eV 
in  the  latest  fits.  Combining  all  of  this  information  we  conclude  that  the  true  muonium 
charge  cbmamics  in  silicon  are  quite  complicated.  At  high  temperatures  extremely  rapid, 
but  essentiallv  invisible,  e”  capture/ionization  cycles  occur  in  the  BC  configuration,  with 
an  occasional" three-state  cycle  initiated  by  e  capture  into  the  mobile  T-site  neutral  which 
produces  the  observed  muon  depolarization.  In  heavily-doped  n-type  samples  Muj,  dominates 
the  diamagnetic  Mu  fraction  at  temperatures  below  its  ionization,  but  once  ionization  occurs 
that  fraction  appears  to  join  existing  0/+  charge  cycles  in  all  sa,mples  examined  to  date.  An 
additional  depolarization  mechanism  is  present  in  n-type  materials,  known  as  spin-exchange 
or  spin-flip  scattering  between  conduction  electrons  and  Mu®  centers.  This  process^  yields 
features  very  similar  to  charge  cycles,  and  needs  to  be  correctly  included  m  depolanzation 
analysis.  We  have  not  thus  far  re-analyzed  all  of  the  existing  depolarization  data  on  Si  with 
complete  charge-state  and  spin  flip  scattering  dynamics  included. 
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Figure  1.  Low-field  temperature-dependent  longitudinal  muon-spin  depolarization  rates  related  to 
rapid  muonium  charge-state  cycles  for  intrinsic  samples  of  (a)  Silicon,  and  (b)  Germanium.  Transverse 
field  /(SR  spin-precession  relaxation  rates  are  included  in  (b)  up  to  400K.  The  curves  are  from  fits  to 
a  two-state  model,  with  two  separate  cycles  required  in  Ge. 


Germanium:  The  situation  is  somewhat  different  for  Ge,  with  two  peaks  clearly  seen  in  the 
depolarization  data  of  Fig.  lb  for  the  intrinsic  sample.  The  field  dependence  of  these  rates 
shows  a  definite  change  in  details  in  the  region  between  300  and  400K  verifying  a  change  in 
the  dynamics.  In  attempting  to  fit  these  data  to  the  two-state  model  we  found  that  the  data 
from  350K  to  the  highest  temperatures  gave  consistent  results  while  below  350K  we  obtained 
considerably  different  parameters.  Extending  the  high  temperature  fits  below  350K  gave  a 
curve  which  fell  very  close  to  the  rapid  rise  in  the  transverse-field  /(SR  relaxation  rates  shown 
in  Fig.  lb.  We  therefore  included  transverse  field  points  from  roughly  300K  onward  in  a 
final  fit  for  the  high  temperature  charge  cycle.  Parameters  from  the  temperature  dependence 
and  field  dependences  at  350K,  410K,  501K,  and  60.3K  were  then  compared  for  consistency. 
These  parameter  sets  fell  within  overlapping  error  estimates,  confirming  that  each  curve  was 
probing  the  same  physical  processes.  We  then  substracted  the  resulting  curve  from  the  lower 
temperature  data  and  fitted  the  remainder  to  a  second  two-state  charge  cycle. 

The  hyperfine  parameters  from  initial  fits  indicated  that  the  higher  temperature  cycle  was 
due  to  depolarization  at  Muj  and  fit  attempts  using  specific  process  assignments  implied  an 
electron  ionization  and  capture  cycle  involving  a  positive  charge  state,  theoretically  expected 
to  be  Mug(-..  Based  on  the  Si  results,  the  capture  step  should  be  activated:  however,  fits 
to  an  activated  rate  yielded  a  slightly'  negative  barrier  when  standard  expressions  for  the 
concentration  and  a  constant  capture  cross  section  were  included.  An  alternative  is  to  allow 
the  total  process  cross  section  to  vary  more  generally  with  temperature,  which  gave  a  better 
fit  and  cross  sections  which  decreased  as  T~^.  Carrier  capture  processes  initiated  by  optical 
illumination  of  Ge  at  low  temperatures  also  appear  to  show  combined  charge  and  site  changes 
with  little  or  no  thermal  energy  involvement. [11]  W'e  have  chosen  to  use  this  latter  fit  in 
reported  results  although  the  interpretation  remains  open.  The  Mu°  ->•  MuJ^  +  e~  transition 
process  implied  by  the  higher  temperature  charge  cycle  in  Ge  yields  a  "thermal  ionization” 
energy  of  about  O.lTOeV  more  or  less  independent  of  the  expression  for  capture  rates,  the 
precise  hyperfine  parameter,  or  the  subset  of  the  relevant  data  which  was  used.  This  value  was 
also  obtained  from  the  rise  of  diamagnetic  spin-precession  amplitude  near  200K  assuming  a 
Muj  ionization  process.  [2]  It  is  however,  two  orders  of  magnitude  greater  than  the  energy  from 
relaxation  rates  related  to  the  disappearance  of  the  Muj  spin-precession  signal  near  100K.[2] 
This  disagreement  in  the  transverse  field  /(SR  data  has  remained  a  problem  for  over  a  decade. 
The  charge-cycle  data  and  the  robustness  of  the  fit  results  for  the  ionization  step  confirm  the 
larger  value  as  the  Mu°  "ionization”  energy  with  the  stipulation  that  the  o\-erall  process  most 
likely  includes  a  site  change  for  the  muon,  not  just  loss  of  an  electron. 
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Fits  of  the  remaining  smaller  peak  near  300K  show  that  a  much  smaller  hyperfine  constant 
is  required,  on  the  order  of  50  to  lOOMHz,  consistent  with  an  assignment  of  Mug^  as  the 
relevant  neutral  center.  Using  our  best  fit  to  the  temperature  dependeiice  data  for  the  main 
cycle  as  the  subtraction  function,  this  second  peak  yields  a  Mug(j  ionization  energy  of  0.215eV 
and  a  constant  capture  cross  section  of  about  2500A2  over  the  relatively  narrow  region  where 
this  cycle  is  visible.  These  parameters  are  thus  assigned  to  a  0/+  charge  cycle  with  the  muon 
remaining  in  the  BC  configuration.  Parameters  listed  in  Table  1  are  from  a  best  fit  to  the  data 
in  Fig.  lb;  slightly  different  but  consistent  values  are  obtained  using  the  constant-temperature 
field  dependences  as  well. 

An  additional  diamagnetic  Mu  state  is  apparent  in  the  Ge  longitudinal  depolarization  data. 
This  state  constitutes  14  to  17%  of  the  muons  as  a  “prompt  fraction  and  is  non-relaxing 
in  both  longitudinal  and  transverse  field  measurements.  Its  intensity  is  transferred  into  the 
charge  cycles  between  350  and  400K  with  an  activation  energy  of  0.75eV  which  is  greater 
than  the  Ge  band  gap  at  those  temperatures.  A  Muj  state  might  be  a  possibility  for  this 
center;  however,  we  argue  that  if  the  measured  energy  is  related  to  thermal  loss  of  a  election 
from  Mu~  it  implies  an  energy  level  outside  the  gap  for  which  such  a  process  would  not  be 
expected.  We  have  therefore  concluded  that  this  signal  is  most  likely  related  to  a  bound  state 
of  Mu  with  an  impurity.  Since  ultra-pure  Ge  may  contain  electrically  inactive  impurities  such 
as  silicon,  carbon,  or  oxygen  to  levels  approaching  muonium  paired  with  one  of 

these  impurities  becomes  a  good  candidate  for  this  additional  state.  Furthermore,  in  time- 
integral  RF-/<SR  data  on  the  same  sample,  a  state  with  a  very  similar  temperature  dependence 
dominates  the  diamagnetic  intensity,  amounting  to  roughly  50%  of  the  implanted  muons.  The 
increased  amplitude  for  later  times  implies  slow  formation  of  that  state  and  appears  to  be 
fully  consistent  with  a  model  in  which  the  highly  mobile  Muj  encounters  an  impurity  and  is 
trapped.  This  probably  occurs  via  charge-exchange  scattering  and  coulomb  capture,  although 
we  have  no  direct  evidence  to  support  this  amount  of  detail.  In  Ge  samples  intentionally 
doped  with  Si  the  low-temperature  pSR  relaxation  rates  for  Muj  increase  proportional  to  the 
Si  concentration,  consistent  with  this  type  of  interaction  with  an  iso-electronic  impurity.[2] 

Mu“  Site  Transitions  in  Ge 

In  silicon  the  observed  Mu°  site  transition  was  found  to  be  intimately  involved  in  the  visible 
high— temperature  charge  cycle;  however,  for  germanium  the  charge  cycles  occur  separately  with 
each  neutral  communicating  with  a  common  Mu+  state.  Assuming  the  assignment  of  ionization 
energies  obtained  from  the  charge-cycle  data  is  correct,  we  are  still  left  with  the  question  of  low 
energies  associated  with  the  disappearance  of  the  Mu°  spin-precession  signals  at  much  lower 
temperatures.  Both  pSR  signals  rapidly  broaden  and  become  invisible  above  about  100I\.  Our 
re-analysis  combining  all  the  published  data  (References  in  [2])  yield  O.OlQeV  for  Mu?-  and 
0.030eV  for  Mu^^  with  frequency  prefactors  below  lOOMHz  in  both  cases.  Bi-directional  site 
changes  are  the  best  candidates  for  these  features  if  one  rules  out  ionization.  This  assignment 
is  consistent  with  a  common  disappearance  if  the  site  energies  are  essentially  identical  as 
predicted.  Additional  support  comes  from  a  fit  of  the  longitudinal  relaxing  amplitudes  in 
the  range  of  10  to  150K  well  below  the  onset  of  charge  cycles.  We  used  a  simplified  model 
for  the  depolarization  due  to  Mu°  site  changes  and  obtained  slightly  higher  energy  barriers 
and  lower  prefactors,  but  overall  consistent  results.  The  above  barrier  heights  imply  that 
the  BC  configuration  remains  slightly  preferred  for  Mu°  in  germanium,  but  that  the  barrier 
Ijptween  the  two  sites  is  extremely  small  compared  to  the  analogous  barriers  iii  silicon  or 
diamond.  Additionally,  the  low  prefactors  suggest  that  these  transitions  may  be  initiated  in 
Ge  by  accoustic  phonons  rather  than  by  optical  phonons  as  in  the  other  two  elemental  materials. 
The  muonium  motion  in  going  from  BC  to  T  is  most  likely  normal  to  the  bond  direction,  which 
is  relatively  unimpeded  structurally.  Upon  comparing  the  various  muonium  transition  rates 
in  gemanium  we  find  that  although  Mu°  site  changes  begin  at  fairly  low  temperatures  they 
remain  quite  slow  due  to  the  small  prefactors  and  are  much  slower  than  either  Mu  ionization 
rate  well  below  the  220I\  onset  of  cyclic  charge— state  transitions. 
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Figure  2.  Configuration  coordinate  diagrams  for  muonium  or  hydrogen  in  (a)  Silicon  and  (b)  Ger¬ 
manium  resulting  from  the  dynamics  of  the  observed  Mu  transitions  along  with  a  schematic  represen¬ 
tation  of  those  transitions.  Full  lines  show  the  dominant  cycles  related  to  diffusion.  Measured  energy 
parameters  are  given  in  Table  1. 


Conclusions 

We  have  analyzed  longitudinal  muon-spin  depolarization  rates  for  an  intrinsic  germanium 
sample,  finding  evidence  for  two  separate  0/+  muonium  charge-state  cycles  which  are  active 
above  200K.  A  small  rate  peak  near  300K  is  assigned  to  a  Mug^  #  Mugp  -f  e~  electron 
ionization  and  capture  cycle,  and  a  much  broader  and  higher-temperature  peak  is  associated 
with  a  similar  Mu°  #  Mug^,-t-e“  cycle.  The  ionization  energies  resulting  from  this  analysis  are 
two  orders  of  magnitude  larger  than  the  energies  associated  with  the  common  low-temperature 
disappearance  of  the  Mug(-.  and  Muj-  transverse-field  pSR  signals  which  we  have  re-assigned 
to  bi-directional  T  ^  BC  site  transitions  for  Mu°.  Additional  checks  support  this  assignment. 
We  have  indirect  e^'idence  for  a  pairing  interaction  of  muonium  with  an  electrically  inacti\'e 
impurity,  which  w'e  suggest  may  be  Si,  C,  or  0,  known  to  be  present  at  significant  levels  in 


Table  1.  Comparison  of  Mu  energy  parameters  in  Si  and  Ge  and  the  transition  processes  from  which 
they  were  derived.  The  Si  values  are  from  RF-/iSR  results  [7,8]  and  Ge  values  are  from  this  work. 


Mu  Transition 

Parameter 

Silicon 

Germanium 

-j-  e 

^  -j-  € 

Af  ii'p  — y  A'/t/^  “I-  6 

A/i4  ^  Mii%c 

Mii%c 

“h  ^  A'l  iij' 

"1”  6  — y  AIuj' 

TpO/  + 

pO/+ 

^TjBC 

/o 

J1J'£ 

fo 

^TJBC 

fo 

^BC/T 

p^f- 

^BC/T 

r+/o 

^BCfT 

0.22  ±  O.OleV' 

two  steps 

0.66  ±  O.OTeV 
0.3S  ±  0.04eV 

0.30  ±  O.OleV 

0.40  ±  0.02eV 

0.21.5  ±  O.OOOeV 

0.174  ±  0.003eV 

0.019  ±  0.002eV 

0.030  ±  0.005eV 

zero 
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electronically  ultra-pure  germanium.  This  bound  state  dissociates  near  350K  yielding  a  binding 
energy  of  0.748  ±  0.002eV  according  to  our  fit  to  the  disappearance  of  a  non-relaxing  fraction 
in  the  depolarization  measurements.  Fairly  convincing  evidence  of  bound  Mu  states  and  the 
moliility  features  discussed  below  suggest  that  neutral  Mu  (and  probably  H)  should  have  no 
trouble  reaching  impurities.  Similar  information  regarding  the  charged  centers  must  await 
ongoing  experiments  on  doped  germanium. 

A  summary  of  the  results  to  date  for  muonium  transition  dynamics  in  Si  and  Ge  are  presented 
in  Fig.  2  with  energy  values  compared  in  the  accompanying  table.  In  addition,  carrier-capture 
cross  sections  are  consistent  with  direct  geometric  interactions  ( 10-20 A^)  for  capture  by  neutral 
centers,  while  those  for  capture  by  the  charged  centers  are  very  much  larger  ( 2000-3000 A^  )  fully 
consistmit  with  Coulomb  capture.  This  agreement  with  expectations  gives  added  confidence 
that  we  have  properly  identified  transition  processes  and  have  used  appropriate  expressions  for 
transition  rates. 

In  comparison  to  muonium  behaviour  in  Si,  the  current  results  for  Ge  indicate  very  much 
smaller  barriers  to  Mu°  site  changes  and  indicate  that  the  Mu°  configuration  energies  are 
essentiallv  ec[ual  in  the  T  and  BC  locations  as  predicted  theoretically.  These  results  fuithei 
imply'  that  muonium  diffusion,  and  by  analogy  hydrogen  diffusion,  as  a  neutral  atom  procedes 
through  both  sites,  although  the  T-site  species  is  highly  mobile  in  its  own  right.  The  dominant 
Mu  charge  cycle  for  Ge  implies  that  high-temperature  diffusion  of  Mu  and  H  is  dominated 
by  motion  of  the  T-site  neutral  center  even  when  it  is  not  the  equilibrium  state.  This  result 
is  very  similar  to  the  diffusive  behaviour  which  we  previously  concluded  occurs  in  Si  and 
GaAs,  although  the  details  are  somewhat  different  for  each  material.  We  strongly  suspect  that 
this  will  prove  to  be  a  general  conclusion  for  high-temperature  hydrogen  diffusion  in  most 
semiconductors  for  which  the  mobility  of  a  T-site  neutral  hydrogen  or  muonium  far  exceeds 
that  of  any  of  the  other  centers. 
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HYDROGENATION  AND  PASSIVATION  OF  B  IN  Si  BY  BOILING  IN  WATER 
PRESSURIZED  UP  TO  10  ATM 
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Abstract.  It  has  been  found,  by  C-V  profiling,  sheet-resistivity  or  IR-absorption 
measurements,  that  passivation  of  B  in  Si  by  high-pressure  water  boiling  for  6  hrs  is 
enhanced  up  to  8  atm,  but,  beyond  8  atm,  it  decreases.  This  hydrogenation  behavior  is 
xmderstood  in  terms  of  competing,  high-temperature  annealing  effect.  The  annealing  rate 
shows  an  activation  energy  of  0.7  eV,  which  may  be  associated  with  dissociation  of  H  from 
the  passivated  B  center. 

Introduction. 

Hydrogen  in  semiconductors  has  been  an  attractive  subject  for  more  than  three  decades.  It 
is  well  known  that  hydrogen  incorporated  in  p-type  semiconductors  passivates  or  neutralizes 
the  electrical  activity  of  acceptors[l].  Hydrogenation  or  passivation  has  been  confirmed 
through  measurements  of  sheet-  or  spreading  resistance,  C-V  carrier  profile,  infrared  fi*ee 
hole  absoi^jtion  or  hydrogen-acceptor  local  vibration  mode.  Hydrogen  injection  has  mostly 
been  performed  by  the  exposure  of  samples  heated  at  several  hundred  “C  to  hydrogen 
plasma.  Tavendale  et  al.  have  boiled  p-type  silicon  wafers  with  different  resistivities  at 
atmospheric  pressure  and  have  shown,  by  the  C-V  carrier  profile,  that  the  hole 
concentration  decreased  near  the  surface  region  due  to  neutralization  of  acceptors[2]. 
Recently,  we  showed  that  more  elevated-temperature(  ~  120  °C)  boiling  enhances  the 
hydrogenation  and  residts  in  significant  modification  of  B-doped  Si  comparable  with 
hydrogen-plasma  processing^].  In  this  work,  hydrogenation  experiment  has  been  extended 
to  10  atm  and  180  °C.  Annealing  effect  on  hydrogenated  samples  has  also  been  studied. 

ExperimentaL 

Samples  used  are  0.5  O  cm  boron-doped  p-type  silicon  wafers  for  C-V  measurement  and 
boron-implanted  ones  for  sheet  resistivity  and  IR  absorption  measurements.  A  dose  of  1 X 
1016  iig  ions/cm^  were  implanted  at  100  keV  into  10  £2  cm  n-type  Si  wafers.  Implanted 
wafers  were  annealed  at  1000  ‘C  in  an  N2  atmosphere.  The  jimction  depth  was  measured 
at  1.5  IX  m  using  spherical  drilling  and  staining  techniques.  High-pressure  boiling  was 
performed  in  deionized  water  in  a  stainless-steel  autoclave  which  can  operate  up  to  200  °C 
and  100  atm  and  is  equipped  with  a  stirring  propeller.  The  autoclave  was  heated  firom  the 
outside.  The  water  temperature,  not  the  pressure,  was  controlled  at  fixed  values.  The 
pressure  measured  by  the  Bourdon-tube  pressure  gauge  at  a  temperature  was  almost  the 
same  as  that  reported  as  the  temperature-pressure  relationship.  Before  boiling,  the  wafers 
were  etched  in  an  HF  solution  for  the  native  oxide  removal.  After  boiling,  Al  was 
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evaporated  both  on  the  front  surface  (through  the  stencil  mask)  and  the  rear  surface  for  the 
Schottky  and  Ohmic  contacts,  respectively,  for  the  C-V  measurement,  without  further 
etching.  Some  of  the  p+-n  wafers  boiled  were  employed  for  annealing  experiment. 
Annealing  was  performed  in  an  Ar  gas  in  a  gold-plated  fiimace. 

Results. 

Figure  1  shows  C-V  carrier  profiles  for  samples  boiled  at  different  pressures  for  6  hrs.  As 
the  boiling  pressure(temperature)  increases  from  4  to  5  and  8  atm,  the  hole  concentration 
decreases  more  and  more.  However,  when  the  pressure  increases  fiirther  to  9  atm,  the  hole 
concentration  begins  to  increase.  At  10  atm,  the  concentration  rather  approaches 

that  for  imboded  samples. 
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Figure  2  shows  sheet  resistivities  for  p+  layers  of  B-implanted  p+-n  wafers  as  a  function  of 
boiling  pressure.  The  wafers  have  also  been  boiled  for  6  hrs.  The  sheet  resistivity  starts 
from  about  16  £2/D  for  the  unboiled  sample  and  increases  to  a  value  as  high  as  27  0/D  at  8 
atm,  which  indicates  that  about  38  %  of  1 X  10i%m2  implanted  B  acceptors  in  Si  have 
been  neutralized,  provided  the  hole  mobility  does  not  change  during  boding.  However, 
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as  the  boiling  pressure  exceeds  8  atm,  the  sheet  resistivity  suddenly  decreases.  This 
behavior  is  similar  to  that  in  Fig.  1  for  C-V  carrier  profiles  for  p-type  wafers.  Evidence  that 
the  sheet  resistivity  increase  is  due  not  to  hole  mobihty  degradation  but  to  hole  concentration 
decrease  is  given  by  the  IR  free  carrier  absorption.  Figvure  3  shows  room-temperature 


Fig.  3  IR  absorption  for  p+-n 
wafers  boiled  for  6  hrs 
at  different  pressures. 


IR  absorption  spectra  for  the  same  wafers  as  used  in  Fig.  2.  In  the  unboiled  sample,  the 
transmission  is  the  least  due  to  the  ample,  ixio^s  holes/cm^.  As  the  boiling  pressure 
increases  finm  2  atm,  the  hole  concentration  decreases  due  to  neutralization  of  B,  and  hence 
the  transmission  increases.  It  is  observed  that,  for  some  of  the  spectra  where  the 
transmission  has  highly  increased,  there  is  a  small  dip  due  to  i^B-H  local  vibration  mode  at 
about  1870  cm-i.  The  transmission  increase,  however,  ends  at  8  atm  and  drops  towards  9 
and  10  atm.  The  behavior  in  Fig.  1  through  3  that  neutralization  due  to  6  hrs  boiling 
reaches  the  maximum  at  8  atm  and  decreases  beyond  8  atm,  differs  firom  the  behavior 
forecast  at  2  atm  boiling[3]  that  the  higher  is  the  boiling  pressure  and  hence  the  temperature, 
neutralization  develops  further.  The  ion  product  of  H-related  species  in  water,  [H+][OH] 
continues  to  increase  in  this  temperature  range[4].  An  annealing  experiment  has  been 


Fig.  4  Annealing  behavior 
of  sheet  resistivity 
for  8  atm  6  hrs 
boiled  wafer. 


performed.  Figure  4  shows  a  plot  of  the  sheet  resistivity  against  the  annealing 
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temperature  for  one  of  the  most  passivated  p^-n  wafers  which  was  hoHed  at  8  atm  for  6  hrs. 
Annealing  was  performed  isochronally  for  30  min  in  a  gold-plated  furnace  with  a  flow  of  Ar 
gas.  It  is  observed  that  annealmg  of  H-passivated  B  takes  place,  though  very  slightly,  at  a 
temperature  as  low  as  100  'G.  However,  the  mam  annealing  stage  seems  to  exist  near 
200  G,  for  30  min  annealing.  Stavola  et  al  have  reported  a  result  of  an  isochronal 
annealing  similar  to  Fig.  4  for  B-unplanted  surface  layers[5].  The  IR  free  hole  absorption 
curves  corresponding  to  this  sheet  resistance  annealing  one  is  shown  in  Pig.  5. 


Fig.  5  IR  absorption  curves  for  hydrc^enated  p+-n  wafers  showing  the  change  during 
annealing. 

In  Fig.  6,  the  least  absorption(best  transmission)  curve  is  of  course  that  for  unannealed 
sample  which  is  subject  to  8  atm,  6  hrs  boiling.  As  the  annealing  temperature  increases, 
the  transmission  degrades.  It  is  observed  that  the  transmission  shows  a  drastic  decrease 
from  175  G  to  225  G,  which  corresponds  very  weU  to  the  sheet  resistivity  annealing 
behavior  in  Fig.  4..  in  order  to  investigate  the  annealing  behavior  fundamentally,  an 
isothermal  annealing  experiment  has  been  performed. 


Fig.  6  Fractional  sheet 
resistivity  change 
with  aimealing 
time. 
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Figure  6  shows  the  fractional  sheet  resistivity  change  with  the  isothermal  annealing  time 
from  125  'C  to  200  °C  for  2  atm  boiled,  hydrogenated  wafers.  It  is  found  that  the 
annealing  proceeds  exponentially  with  the  annealing  time.  The  vertical  axis  (1-  p  of  P  ba) 
corresponds  to  the  fractional  concentration  of  hydrogenated  B  atoms,  where  p  o  and  p  ba 
denote  sheet  resistivities  for  imboiled  and  boil-annealed  wafers,  respectively.  Figure  7 
shows  these  annealing  rates  as  a  function  of  annealing  temperature.  It  has  been  foimd  that 


Fig.  7  Annealing  rate  as  a 

function  of  temperature. 


the  annealing  rate  exhibits  an  activation  energy  of  0.7  eV.  This  activation  energy  is  almost 
the  same  as  a  dissociation  energy  for  the  B-H  complex  by  Herrero  et  al[6],  but  is  somewhat 
small  compared  with  that  determined  through  C-V  measurement  reported  by  Zimdel  and 
Weber[7|,  which  might  be  due  to  a  large  B  concentration  difference  between  B  implanted 
layer  and  normally  B  doped  wafer. 

Summary. 

The  C-V  carrier  profile  for  p-type  Si  wafers  and  sheet  resistivity  and  IR  free  hole  absorption 
as  a  function  of  boiling  pressure(temperature)  show  that,  for  6  hrs  boiling,  hydrogenation 
increases  with  pressure  up  to  8  atm,  but  decreases  towards  9  and  10  atm.  On  the  other 
hand,  the  dissociation  of  H  from  the  passivated  B  accelerates  with  increasing 
temperature(pressure).  Thus,  it  may  be  understood  that  the  above  mentioned  passivation 
behavior  is  the  result  of  two  competing  processes,  neutrahzation  due  to  the  increase  of  H- 
related  species  in  water  with  temperature  and  the  enhanced  annealing  of  passivated  B  at  the 
elevated  temperature.  It  is  found  that  the  annealing  rate  has  an  activation  energy  of  0. 7  eV, 
which  may  be  associated  with  dissociation  of  H  from  passivated  B. 
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INFLUENCE  OF  SUBSTRATE  QUALITY  AND  THE  SURFACE  DAMAGE 

M.  I .  Symko,  Bhushan  L.  Sopori,  Robert  Reedy,  and  Kim  M.  Jones 

National  Renewable  Energy  Laboratory,  1617  Cole  Boulevard,  Golden,  CO  80401, 

U.S.A. 

Key  words:  hydrogen,  silicon,  passivation,  diffusion 
Abstract 

Hydrogen  passivation  of  defects  and  impurities  is  becoming  a  necessary  step  for 
achieving  high  efficiency  solar  cells  on  materials  from  some  photovoltaic  (PV) 
vendors[l,2].  Even  though  hydrogen  passivation  is  a  common  technology, 
relatively  little  is  known  on  the  diffusion  and  passivation  mechanisms  of 
hydrogen  in  silicon.  For  example,  it  is  not  known  why  solar  cells  fabricated  on  the 
material  from  some  vendors  improve  considerably  more  than  others.  Vendors 
who  utilize  this  passivation  may  see  a  20%  increase  in  the  cell  performance, 
making  it  a  remarkable  process  for  those  who  benefit.  There  are  other  intriguing 
observations,  the  degree  of  passivation  for  solar  cells  fabricated  on  the  material 
from  the  same  vendor  vary  with  the  hydrogenation  technique.  Likewise,  if  the 
growth  parameters  of  the  material  are  changed,  the  degree  of  passivation  can  also 
change. 

Introduction 

Recently,  it  has  been  observed  that  passivation  of  impurities  and  defects  can  occur 
as  a  byproduct  of  nitridation  by  a  PECVD  process,  and  during  annealing  A1 
contacts  in  a  forming  gas  ambient.  While  the  traditional  techniques  of 
hydrogenation  such  as  ion  implantation,  and  plasma  processes  have  yet  not  been 
well  understood,  possibility  of  low  temperature  diffusion  from  a  molecular 
ambient  or  deep  diffusion  from  a  short  exposure  to  hydrogen  ions  in  a  PECVD  are 
clearly  challenging  and  important  from  a  technological  view  point. 

A  partial  answer  to  these  questions  came  from  the  proposed  hypothesis  that  a 
vacancy  mechanism  is  involved  in  the  diffusion  of  hydrogen  at  low 
temperatures[3].  It  suggests  that  a  process,  which  injects  vacancies  during 
hydrogenation,  can  be  very  efficient  passivating  technique.  This  mechanism 
concurs  with  the  finding  that  the  vacancy  is  one  of  the  strongest  traps  for 
hydrogen  and  can  readily  form  complexes  with  specific  defects  and  impurities[3]. 
Furthermore,  some  theoretical  support  to  this  mechanism  comes  from  Hartree 
Fock  type  of  ab  initio  calculations  that  show  a  (V-H)  complex  has  a  lower 
migration  barrier  compared  to  the  interstitial  H[4]. 

This  paper  describes  our  studies  aimed  at  developing  better  understanding  of  the 
mechanisms  that  lead  to  the  dependence  of  hydrogen  passivation  on  the  (i) 
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material  quality  and  (ii)  occurrence  of  passivation  when  a  solar  cell  is  annealed  in 
a  FG  ambient.  Because  deep  diffusion  of  hydrogen  is  a  prerequisite  for 
passivation,  the  initial  work  has  emphasized  studies  on  the  diffusion  behavior  of 
hydrogen.  We  show  that  the  value  of  hydrogen  diffusivity  depends  on  the 
substrate  quality,  in  particular  on  the  concentration  of  frozen-in,  vacancy-related 
defects.  We  also  show  that  the  damage  created  during  the  passivation  technique 
or  by  processes  that  precede  device  formation  (such  as  formation  of  an  N/P 
junction),  is  instrumental  in  hydrogen  diffusion. 

Experimental 

In  order  to  determine  the  influence  on  substrate  quality  we  have  measured 
diffusivity  of  deuterium  in  silicon  samples  obtained  from  different  vendors. 
These  samples  had  different  C  and  O  concentrations,  and  crystal  growth  speed. 
They  consist  of  Czochralski  (CZ),  float  zone  (FZ),  cast  polycrystalline  (CP),  edge 
defined  growth  (EFG)  ribbon  and  laser  recrystallized  (LRC)  ribbon.  These 
samples  were  all  in  the  resistivity  range  typically  used  for  solar  cells,  about  1  f2- 
cm.  Deuterium  was  diffused  by  low  energy  implantation  at  1.5  KeV,  250  °C,  for 
30  minutes,  and  the  depth  profiles  were  measured  by  SIMS. 

To  understand  the  role  of  the  surface  damage  on  the  diffusivity,  a  detailed  study 
was  executed  in  which  the  samples  were  given  different  degrees  of  surface 
damage  and  annealed  in  hydrogen  or  deuterium  bearing  gas.  The  surface 
damage  was  introduced  by  mechanical  polishing  on  a  silicon  carbide  pad  or  by 
polishing  with  AiPjgrit  on  a  Suba  IV  pad.  Grit  sizes  (ranging  from  10  um  to  0.01 
um),  pressure,  and  polishing  times  were  used  to  control  the  degree  of  damage. 
The  samples  were  then  annealed  in  a  forming  gas  containing  deuterium  or 
hydrogen.  Similar  samples,  but  without  the  surface  damage,  were  annealed  in  the 
same  nms  as  reference  samples. 

Sample's  were  prepared  under  the  following  conditions,  we  will  call  this  the 
standard  armeal: 

•  Damage  free  polish[5]  followed  by  a  low  pressure  mechanical  0.3  um  (desired 
grit)  grit  surface  damage 

•  Removal  of  oxide  layer  by  HF 

•  FG  anneal  @  400  °  C  for  1  hour,  followed  by  a  rapid  cool  down. 

Silicon  substrates  with  a  N/P  junction  from  American  Solar  Energy  (EFG  ribbon) 
were  also  included.  However,  these  samples  were  not  mechanically  damaged. 

RESULTS 

Our  objective  was  to  examine  if  the  results  agree  with  the  proposed  diffusion 
model  that  invokes  vacancy  assisted  diffusion.  This  model  of  vacancy  assisted 
diffusion  is  depicted  in  Figure  1.  In  this  model,  the  molecular  hydrogen 
dissociates  as  a  result  of  interaction  with  the  vacancies  available  due  to  surface 
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damage,  and  diffuses  into  the  bulk  as  H^or  {H-V}.  We  propose  that  vacancies  are 
also  available  in  the  bulk  of  the  material  that  can  form  additional  {H-V}  complexes 
and  assit  in  the  diffusion  of  hydrogen.  This  suggests  that  material  containing  high 
concentrations  of  vacancy  related  defects  will  have  deeper  penetration  of 
hydrogen  in  a  given  process,  thus  leading  to  a  better  passivation.  This 
mechanism  explains  all  observations  on  hydrogen  passivation.  For  example,  a 
rapid  diffusion  of  hydrogen  during  nitridation  is  expected  because  nitridation 
injects  vacancies  and  that  some  surface  damage  is  inevitable  during  a  PECVD 
process.  Theoretical  calculations  have  shown  that  the  formation  of  the  {H-V}. 
complex  is  favored  to  that  of  the  Si-H  bond  by  more  than  2  eV[6]. 

In  the  following  section  we  will  discuss  how  this  model  can  explain  experimental 
observations. 

(i)  Substrate  Quality 

Figure  2  shows  the  measured  diffusivity  of  Si  samples  from  various  vendors. 
These  materials  are  CZ,  FZ,  cast  polycrystalline,  EFG  (RPl),  and  LRC(RP2).  It  can 
be  concluded  that  the  diffusivity  varies  from  PV  silicon  material  to  single  crystal 
silicon  material.  The  highest  diffusivity  is  for  that  of  the  LRC,  with  a  growth  rate 
of  2.54  cm  per  minute,  with  low  C  &  O  concentrations  of  <  1  ppma  each.  The  EFG 
material  was  next  highest  with  a  rate  of  1.27  cm  per  minute  and  a  high  C 
concentration.  The  cast  poly  was  grown  at  a  rate  of  1  mm  per  minute.  The  CZ 
and  FZ  material  were  both  grown  at  low  rates.  This  leads  to  a  strong  conclusion 
that  the  diffusivity  increases  with  an  increase  in  crystal  growth  speed,  increase  in 
C  concentration  and  a  decrease  in  O  concentration  -  conditions  that  favor  vacancy 
formation  in  the  crystal  growth. 

(ii)  Surf aceD damage 

The  initial  in-diffusion  of  molecular  hydrogen  with  a  surface  damage  was  found 
to  be  quite  intriguing.  Starting  with  a  hydrogen  rich  surface,  molecular  hydrogen 
is  thought  to  be  split  into  its  atomic  form  by  a  surface  damage,  as  illustrated  in  the 
diffusion  model  of  figure  1.  Figure  3  shows  the  SIMS  deuterium  profiles  of 
samples  with  and  without  surface  damage.  The  damage  was  produced  with  a  10 
um  grit.  Clearly,  a  deep  diffusion  of  D  occurs  with  the  presence  of  surface 
damage.  Although  polishing  with  a  10  pm  grit  may  appear  quite  a  severe 
condition,  TEM  and  SEM  analyses  have  shown  the  surface  roughness  was  less 
than  2  pm  and  that  the  damage  was  confined  to  less  than  0.2  pm.  With  a  surface 
roughness  on  the  order  of  a  few  tenths  of  a  micrometer,  one  can  expect  a 
preponderance  of  vacancies  at  the  surface.  With  this  type  of  surface,  fast  H+  or 
{H-V}  diffusion  will  occur. 

Characterization  by  TEM  was  done  to  determine  the  degree  of  surface  damage 
produced  from  the  various  grits  and  by  a  P/N  junction.  These  results  showed 
that  a  polishing  procedure  creates  a  surface  roughness  and  a  lattice  damage  (or  a 
stress)  similar  to  that  of  the  P/N  junction.  The  surface  roughness  (and  damage)  is 
a  function  of  many  variables.  These  include  the  size,  hardness  of  grit,  pressure 
and  pad  quality.  Figure  4  is  an  SEM  picture  showing  the  surface  morphology  of  a 
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sample  polished  with  0.3  um  grit  size.  The  roughness  of  the  surface,  as  measured 
by  SEM  and  Dektak,  was  considerably  smaller  than  the  grit  size. 

Figure  5  shows  D  profiles  in  CZ  and  FZ  samples,  both  polished  with  0.3  pm  grit. 
As  expected,  a  deeper  diffusion  into  FZ  sample  is  observed.  This  is  again 
explainable  on  the  basis  of  the  propensity  of  oxygen  for  quenching  the  vacancy 
generation  during  crystal  growth.  Figure  6  shows  the  measured  profiles  in  ribbon 
samples  in  which  polishing  was  done  with  different  grit  sizes  -  ranging  from  0.01 
for  different  polishing  conditions.  It  can  be  seen  from  this  figure  that  the 
diffusivity  increases  with  surface  roughness.  This  apparent  variation  in  the 
diffusivity  can  be  explained  if  we  consider  that  the  damaged  surface  absorbs 
hydrogen  and  acts  as  a  "limited"  diffusion  source.  Thus,  at  lower  levels  of  surface 
damage,  diffusion  occurs  from  a  source  where  the  hydrogen  concentration  may  be 
varying. 

Conclusions 

From  the  experiments  described  herein,  we  have  shown  that  vacancies  play  a 
major  role  in  the  hydrogen  diffusion  process.  We  propose  that  a  {H-V]  complex 
is  formed;  such  a  complex  can  have  diffusivities  approaching  that  of  a  mono- 
vacancy[7].  Other  results,  not  discussed  in  this  paper  indicate  that  interstitial 
diffusion  and  vacancy  mechanism  exist  simultaneously,  the  latter  being  dominant 
at  low  temperatures. 

We  have  also  shown  that  hydrogen  diffusion  from  a  molecular  ambient  can  be 
mediated  by  the  surface  damage.  A  further  thought  is  that  the  surface  damage 
will  follow  the  reaction: 


H2  +  V  ^  (H-V)  +  H+ 

We  believe  that  the  damage  at  a  phosphorus  diffused  N/P  junction  is  sufficient  to 
cause  in-diffusion  of  hydrogen.  This  result  is  consistent  with  theoretical  work, 
which  suggests  that  a  hydrogen  molecule  can  simultaneously  dissociate  in  the 
vicinity  of  a  vacancy.  A  similar  effect  can  occur  during  PECVD  nitridation. 
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Figure  1,  Hydrogen  diffusion  model 
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Figure  2.  Diffusivity  values 
obtamed  from  different  vendors 
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Figure  3.  The  surface  roughness  of 
a  FZ  sample  after  polishing  with  a 
0.3  um  AljOj  grit  measured  by 
SEM  and  dektak. 


Figure  4.  Hydrogen  diffusion  profiles 
in  an  EFG  ribbon,  produced  by  anneal 
annealing  in  a  FG  ambient  with  and 
without  surface  damage. 


Figure  5.  SIMS  deuterium  profile  of 
and  FZ  samples  polished  with 
a  0.3  p  m  grit  and  annealed  in  D, 
containing  forming  gas  (400  °C/lhr) 


Figure  6.  SIMS  deuterium  profile  CZ 
of  an  LRC  ribbon  with  various  grit 
sizes  applied  to  substrates,  (a)  0.2 
p  m,  (b)  0.1  p  m,  (c)  .05  p  m,  (d) 

.01  p  m.  The  deuterium  depth  does 
increase  with  surface  damage. 
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MECHANISM  OF  ULTRASONIC  ENHANCED  HYDROGENATION 
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Abstract.  Ultrasound  treatment  (UST)  was  applied  to  improve  electronic  properties  of 
polycrystalline  silicon  (poly-Si)  films  on  glass.  A  strong  decrease  of  sheet  resistance  by  a  factor  of 
two  orders  of  magnitude  was  observed  in  hydrogenated  films  at  UST  temperatures  lower  than 
lOOOC.  The  UST  effect  is  accompanied  by  improvement  of  a  film  electrical  and  optical  homogeneity 
as  confirmed  by  spatially  resolved  photoluminescence  (PL)  study.  By  applying  UST  at  higher 
temperatures  up  to  280OC,  a  dramatic  increase  of  infi-a-red  photoluminescence  (PL)  intensity  is 
observed  in  films  obtained  by  solid-phase  crystallization  of  amorphous  silicon.  UST  enhances  the 
PL  band  at  0.7eV,  and  also  stimulates  a  new  luminescence  maximum  at  about  0.9eV  related  to  the 
amorphous  fraction  of  poly-Si  films.  Activation  energy  of  the  UST  effect  is  0.33eV.  A  new 
mechanism  of  ultrasonic  stimulated  hydrogen  detrapping  followed  by  a  fast  hydrogen  diffusion  and 
passivation  of  non-radiative  centers  in  polycrystalline  and  amorphous  Si  films  is  suggested. 

Introduction. 

Poly-Si  thin  films  on  glass  are  promising  materials  for  thin  film  transistor  in  active  matrix  liquid 
crystal  displays  and  a  new  generation  of  thin-film  solar  cells.  Compared  with  transistors  using 
hydrogenated  amorphous  silicon  (a-Si)  films,  poly-Si  transistors  have  improved  operational 
parameters  due  to  a  substantially  higher  electron  mobility.  However,  grain  boundary  and  interface 
defects  in  poly-Si  lead  to  high  off-state  current  and  affect  threshold  voltage.  A  conventional 
approach  to  passivate  these  defect  states  and  to  reduce  inter-grain  barriers  for  electron  transport  is 
hydrogenation.  Plasma  hydrogenation  using  radio  frequency  or  electron  cyclotron  resonance 
technique  was  proven  to  be  effective  to  improve  transport  properties  of  poly-Si.  The  hydrogen 
defect  passivation  occurs  in  two  steps:  plasma  penetration  and  a  subsequent  atomic  hydrogen 
diffusion.  The  diffusion  of  hydrogen  in  poly-Si  is  slow  compared  with  single  crystal  silicon  due  to  a 
trapping  at  grain  boundaries  [1],  typically  resulting  in  a  long  hydrogenation  time  and  electrical 
inhomogeneity  within  passivated  regions  of  poly-Si.  The  trap-limited  hydrogen  dififusivity  in  poly-Si 
films  is  described  by  an  activation  energy  of  1 .3  to  1 .5eV  with  a  diffusion  coefficient  given  by 

Dh=  Dho  X  (Ni/Nt)=Doexp(-Eo/kT)  x  exp(-  AE/kT)  (1) 

where  DHo  is  the  hydrogen  diffusivity  in  crystalline  Si  with  an  activation  energy  Eo=0.48eV;  Nl/Nt 
is  a  fi-action  of  interstitial  to  trapped  hydrogen;  and  AE  is  a  binding  energy  of  trapped  atomic 
hydrogen  of  the  order  of  leV  [2].  A  suppression  of  hydrogen  trapping  can  enhance  the  passivation 
of  defect  states  to  benefit  transport  properties  of  hydrogenated  poly-Si  films. 

A  new  approach  to  enhance  hydrogenation  efficiency  using  the  Ultrasound  Treatment  (UST)  was 
reported  recently  [3].  Defect  engineering  using  the  method  of  UST  was  proven  to  be  extremely 
beneficial  in  polycrystalline  materials  where  ultrasound  vibrations  enhance  an  interaction  between 
extended  lattice  defects,  like  grain  boundaries  and  dislocations,  with  mobile  point  defects  [4].  It  was 
reported  that  the  atomic  hydrogen  is  a  specifically  suitable  object  for  ultrasound  stimulated  defect 
reactions  in  poly-Si  thin  films  [3,5].  In  this  paper,  key  experiments  of  the  UST  enhanced 
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hydrogenation  are  reviewed,  and  a  new  mechanism  of  UST  stimulated  hydrogen  detrapping 
discussed. 


Samples  and  experimental. 

Semi-insulating  silicon  films  with  thickness  of  0.3  to  0.5pm  were  deposited  at  6250C  and  SSO^C  on 
Coming  7059  glass  by  low  pressure  chemical  vapor  deposition.  The  6250C  films  had  a  crystallite 
stmcture  with  the  average  grain-size  of  lOOnm,  while  the  films  deposited  at  550^0  were 
amorphous.  The  a-Si  films  were  annealed  at  550^0  in  a  nitrogen  flow  to  develop  <11 1>  oriented 
crystalline  stmcture.  Using  annealing  time  fi'om  8  to  75  hours,  a  set  of  samples  with  a  different 
fi-action  of  ciystalline  to  amorphous  phases  was  designed.  Raman  spectra  of  thermally  recrystallized 
films  enabled  to  determine  this  fi'action  fi'om  the  intensity  ratio  of  the  crystalline  peak  at  520cm  to 
amorphous  peak  at  about  480cm  .  Poly-Si  films  were  also  obtained  by  eximer  laser  recrystallization 
of  a-Si  and  compared  to  films  deposited  at  6250C.  Only  one  Raman  peak  at  520cm‘l  due  to  poly- 
Si  was  observed,  which  proves  a  high  level  of  crystallinity  in  both  previous  cases.  The  poly-Si  films 
were  selectively  plasma  hydrogenated  using  a  pattern  defined  by  an  opening  in  an  A1  mask.  This 
enabled  us  to  study  UST  effects  by  comparing  hydrogenated  with  non-hydrogenated  areas  on  the 
same  film.  The  hydrogenation  was  performed  at  300^0  in  a  parallel  plate  RF  plasma  system 
operating  at  a  lOOccm  H2  flow  with  0.3Torr  pressure  and  200W  radio  frequency  power  or  using  a 
low  pressure  electron  cyclotron  resonance  (ECR)  plasma  system. 

For  UST  experiments,  ultrasonic  vibrations  were  generated  in  poly-Si  films  through  a  glass 
substrate  using  a  circular  piezoelectric  transducer  (PZT-5A).  For  good  acoustic  contact,  a  sample 
was  pressed  against  a  transducer  front  surface  using  a  spring  or  vacuum  contact.  UST  transducers 
operated  at  resonance  fi'equency  of  radial  vibrations  of  25KHz  or  70KHz.  The  amplitude  of  sample 
vibrations  in  acoustic  contact  with  the  transducer  was  monitored  "in-situ"  by  a  calibrated  contact 
acoustic  probe.  The  maximum  acoustic  strain  amplitude  on  a  film  surface  was  of  the  order  of  lO"^. 
Temperature  of  a  sample  under  UST  was  stabilized  from  50^0  to  280OC  and  measured  by  a 
thermocouple  attached  to  the  fihn  surface.  The  upper  UST  temperature  was  limited  by  a  Curie  point 
of  the  piezoelectric  transducer.  UST  processing  at  elevated  temperatures  was  performed  in  nitrogen 
ambient  with  a  rate  of  N2  flow  of  5  1/min.  A  control  sample  from  the  same  poly-Si  wafer  was  kept 
without  ultrasound  at  exactly  the  same  temperature  to  separate  a  possible  effect  of  thermal 
processing  on  material  properties.  Detail  parameters  and  operational  principles  of  automatic  UST 
station  can  be  found  in  [6], 


The  UST  effect  was  monitored  by  measurements  of  sheet  resistance  at  room  temperature  using  the 
four-point-probe  method.  Concurrently,  spatially  resolved  photoluminescence  (PL)  and  nano-scale 
contact  potential  difference  (CPD)  mapping  were  performed.  Details  of  CPD  method  using  atomic 
force  microscope  are  published  elsewhere  [4].  Photoluminescence  at  4.2  to  300K  was  analyzed 
using  a  SPEX  500M  spectrometer  coupled  with  cooled  Ge  or  PbS  detector.  An  Ar'^-laser  514nm 
line  with  power  fi'om  30  to  80  mW  was  used  as  a  PL  excitation  source. 

Results. 

Plasma  hydrogenation  applied  to  poly-Si  films  reduces  resistance  by  a  factor  of  one  order  of 
magnitude  due  to  increased  electron  mobility  after  passivation  of  grain-boundary  defects. 
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A  decreased  resistance  is  saturated  to  a 
minimum  value  of  the  order  of  10^  Q/sq  after  3 
to  5hr  RF  plasma  processing  of  0.35nm  films.  In 
the  films  where  the  plasma  hydrogenation 
process  was  not  completed,  we  observed  the 
additional  dramatic  reduction  of  sheet  resistance 
by  a  factor  of  two  orders  of  magnitude  after 
USX  as  shown  in  Fig.  1.  Resistance  in  non- 
hydrogenated  region  was  practically  not  changed 
after  the  USX.  Notice,  that  USX-induced 
reduction  of  sheet  resistance  occurs  at 
temperatures  lower  than  lOQOC,  which  is 
specifically  beneficial  for  large  scale  poly-Si 
transistor  applications  requiring  low-cost 
substrates  with  low  thermal  stability. 

Another  feature  of  the  USX  effect  is  reveled  by 
the  resistance  distribution  within  the  same  poly- 
Si  film.  In  Figure  1,  the  USX  induced  change  of 
resistance  in  two  regions  of  the  same 
hydrogenated  film  is  presented.  Initially,  a  more 
than  one  order  of  magnitude  variation  in 
resistance  was  reduced  to  approximately  10% 
after  a  few  consecutive  steps  of  USX. 


USX  time  (min) 


Fig.l  USX  reduces  resistance  in  hydrogenated 
poly-Si  films  due  to  improved  passivation  of 
danghng  bonds. 


Based  on  these  findings,  it  was  suggested  that 
ultrasound  vibrations  appUed  to  hydrogenated 
films  can  promote  the  process  of  defect 
passivation  with  atomic  hydrogen.  Xhis 
statement  is  justified  by  the  following  spatially  « 


resolved  PL  study,  and  directly  observed  using 
nano-scale  contact-potential  difference  mapping 

[3]. 


It  was  reported  that  PL  spectroscopy  allows  defect  1 
monitoring  in  poly-Si  films,  and  is  specifically  50 


sensitive  to  the  state  of  film  hydrogenation  [7],  At 


4.2K  the  band-tail  recombination  dominates  in  PL 


spectrum  of  films  deposited  at  6250C.  With 
increasing  temperature,  the  band-tail  luminescence  0 


is  strongly  quenched  and  deep  0.7eV  PL  band  is  7  9  11  13 


retained  and  persists  at  room  temperature. 


PL  intensity  (arb.un.) 


¥ig2  USX  increases  PL  intensity  and  improves 
homogeneity  of  PL  mapping  due  to 
redistribution  of  the  hydrogen. 
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A  similar  PL  band  (hvniax=0-68eV)  was  observed  previously  in  Cz-Si  thermally  annealed  for  64hr  at 
450OC,  and  attributed  to  oxygen  precipitates  [7],  Notice,  that  our  poly-Si  samples  were  annealed 
under  very  similar  conditions  (75hr  at  SSO^C).  The  intensity  of  0.7eV  PL  band  was  used  to  monitor 
the  UST  effect  on  improvement  of  recombination  properties  of  poly-Si.  The  increase  of  0.7eV  PL 
band  intensity  versus  ECR  plasma  hydrogenation  time  is  shown  in  Fig.  2  (insert).  The  PL  increase 
occurs  due  to  hydrogen  passivation  of  non-radiative  recombination  centers  at  grain  boundaries  [7]. 
PL  mapping  technique  with  resolution  of  100pm  was  applied  to  monitor  a  distribution  of 
recombination  centers  and  changes  after  UST.  The  results  are  presented  in  Figure  2  as  two  PL 
histograms  of  exactly  the  same  hydrogenated  film  area  prior  to  and  immediately  after  the  UST 
performed  at  SO^C  for  Ihr.  The  average  PL  intensity  after  UST  exhibits  an  additional  25-30% 
increase  and  also  narrowing  by  a  factor  of  two  of  the  half-width  of  the  PL  histogram.  This  result  is 
consistent  with  UST  improvement  of  resistance  homogeneity  shown  in  Figure  1. 

It  was  assumed  the  UST  is  a  thermally  activated 
process  which  can  be  substantially  facilitated  at 
temperatures  above  lOO^C.  To  verify  this, 
thermally  reciystallized  at  550OC  poly-Si  films  were  ^ 
subjected  to  UST  at  temperature  up  to  280®C  [5].  s 

.  t 

The  PL  spectrum  of  poly-Si  thin  films  at  77  K  is  S 
dominated  by  “oxygen”  related  band  at  0.7eV  (Fig.  .■& 

3).  Luminescence  intensity  of  as-deposited  films  g 
was  lower  than  sensitivity  limit  of  PL  set-up.  By  S 
increasing  annealing  time  of  550OC  films  up  to  75 
hours,  it  was  found  that  the  intensity  of  0.7eV  band 
monotonously  increases  by  a  factor  of  ten  in  75hr 
annealed  samples  compared  to  8-12hr  annealed 
films.  Therefore,  the  intensity  of  0.7eV  band  can  be 
used  to  monitor  changes  of  recombination 
properties  in  the  poly-Si  phase  of  films. 

Fig.3  UST  activation  of  0.9eV  PL  band  in  a-Si 

phase  of  thin  films:  Tust  =2500C. 

After  UST  was  applied  at  T„s^=150-280OC,  two  noticeable  changes  in  PL  spectrum  were  observed 
(Fig.  3).  The  first  is  the  increase  of  the  0.7eV  band  intensity  by  a  factor  of  2  to  4  in  different  samples, 
which  is  consistent  with  data  of  low-temperature  UST  processing  of  hydrogenated  poly-Si  films 
(Fig.2).  The  second  effect  is  a  strong  UST  activation  of  a  "new"  broad  PL  band  Avith  a  maximum  at 
0.92  -  0.98eV  and  half-width  of  260meV  at  77K  (referred  hereupon  as  0.9eV  band).  We  notice  that 
a  dramatic  enhancement  of  0.9eV  band  exceeding  two  orders  of  magnitude  compared  to  untreated 
sample  requires  only  a  few  minutes  of  UST  processing  performed  at  250-280OC.  After  UST 
activation  of  luminescence  is  completed  (5min  @280OC),  the  PL  spectrum  is  entirely  dominated  by 
the  0.9eV  band  (Fig.  3). 
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UST  processing  was  performed  at  different 
temperatures  between  150  and  280OC. 
Corresponding  points  of  isothermal  kinetics  of  the 
0.9eV  band  at  two  temperatures  and  their  single¬ 
exponential  fits  are  shown  in  Figure  4.  For  a 
comparison,  the  picture  also  comprises  PL  kinetics 
of  a  control  sample  annealed  without  UST  at 
280OC,  which  proves  that  the  effect  of  0.9eV  band 
activation  is  entirely  UST  related.  The  UST  kinetic 
is  characterized  by  a  time  constant  of  3min  at  280OC 
which  increases  to  25min  at  ISQOC.  From  the 
Arrhenius  plot  of  UST  time  constant  we  find  the 
UST  activation  energy:  EuST=0.33  +/-  O.OSeV. 

We  have  strong  arguments  that  UST  activated 
0.9eV  band  is  related  to  a  residual  amorphous  phase 
of  recrystallized  poly-Si  films. 


Fig.4.  Isothermal  UST  kinetics  of  0.9eV  band 
activation  (points),  and  exponential  fit  (soUd). 


The  saturated  intensity  of  the  0.9eV  band  after 
completion  of  UST  processing  is  a  function  of 
550OC  annealing  time,  and  therefore,  depends  on  a 
fraction  of  a-Si  phase  in  the  films  as  proved  by 
Raman  spectroscopy:  the  0.9eV  band  has  a 
maximum  intensity  in  films  with  significant  fraction  £ 
of  a-Si  phase,  and  is  gradually  decreased  in  films 
where  the  poly-Si  phase  is  dominating.  The  UST  «« 
activation  of  0.9eV  band  is  also  negligible  in  poly-Si 
films  either  deposited  at  6250C  or  recrystallized 
using  an  eximer  laser.  Furthermore,  parameters  of  v 
0.9eV  band  are  very  close  to  a  "defect"  PL  band  3 
previously  observed  in  hydrogenated  a-Si  films  [9].  -2 
We  conclude,  that  UST  promotes  a  passivation  of 
non-radiative  centers  in  the  a-Si  phase  of 
recrystallized  films. 


Fig.5.  The  model  of  UST  enhanced  hydroge¬ 
nation  in  poly-Si  and  a-Si  thin  films. 

Discussion:  UST  mechanism. 

It  is  known  that  after  plasma  hydrogenation  the  total  hydrogen  concentration  in  poly-Si  films  can 
exceed  the  number  of  non-passivated  dangling  bonds  by  as  much  as  two  orders  of  magnitude  [10]  .  In 
550OC  LPCVD  films  obtained  by  decomposition  of  silane  (SiHt)  and  annealing  at  550°C,  the 
concentration  of  trapped  residual  hydrogen  can  approach  10%.  Therefore,  a  significant  reservoir  of 
trapped  electrically  non-active  hydrogen  is  available  in  UST  processed  films  to  accomphsh  a  defect 
passivation. 
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It  is  suggested  that  UST  enhances  the  hydrogenation  in  a  three-step  mechanism  schematically  shown 
in  Fig.  5;  (a)  UST  hydrogen  releasing  from  trapping  states,  (b)  fast  H-difflision,  and  (c)  hydrogen 
capture  at  Hangling  bonds.  It  is  obvious  that  UST  promotes  a  release  of  hydrogen  from  traps  by  a 
reduction  of  the  hydrogen  binding  energy  AE  defined  in  Eq.  (1).  A  physical  reason  of  such  UST 
induced  hydrogen  detrapping  is  a  selective  absorption  of  the  ultrasound  by  grain  boundaries  and 
other  extended  crystal  defects  where  hydrogen  can  reside.  Being  liberated  from  traps,  hydrogen  will 
diffuse  with  the  diffusion  coefficient  of  crystalline  Si:  Dh=9.410-3  x  exp  (-0.48eV/kT)  [cm2/sec]. 
The  UST  activation  energy  0.33eV  is  close  to  activation  of  H  diffusion  in  silicon  (0.48eV).  A 
possible  reduction  of  this  energy  can  be  attributed  to  UST  stimulated  diffusion  of  hydrogen  [4],  The 
diffusion  length  of  H  migration  under  UST  (Tust=280OC,  At=3min)  can  be  estimated  as 
L=(DH'At)^^^""76p,m.  This  value  substantially  exceeds  a  lOOnm  grain-size  of  poly-Si  films,  which 
explains  why  liberated  hydrogen  atoms  can  quickly  approach  non-radiative  centers  in  poly-Si  and  a- 
Si  phases. 

It  is  known  that  the  binding  energy  of  hydrogen  can  be  substantially  perturbed  in  str^ed  grain¬ 
boundary  regions.  As  an  example,  the  binding  energy  in  strained  Si-H-Si  coi^guration  linearly 
varies  with  stretching  of  Si-Si  bond-length  in  a  rate  of  0.46eV  per  O.IA  [11].  This  value  is  taken  to 
estimate  UST  effect  on  hydrogen  binding.  Under  the  ultrasound,  a  dynamic  stress  field  generates 
regions  of  local  expansions  and  tensions.  Amplitude  of  the  average  acoustic  strain  in  our  UST  study 
is  small,  of  the  order  of  10■^  and  corresponds  to  bond  stretching  of  2.5  x  lO'l  However,  it  is 
anticipated  that  elastic  constants  of  grain  boundaries  aresmallerthan  that  at  inter-grain  regions.  In 
this  case,  UST  stress  will  generate  a  strong  local  strains  ai  gram  boundaries.  To  quantify  the  effect, 
we  consider  the  ratio  of  grain-boundary  volume  to  inter-grain  volume  as  1%  for  lOOnm  grain  size. 
The  amplitude  of  acoustic  strain  in  grain  boundary  will  approach  10"'  corresponding  to  10% 
stretching  of  bond-length  by  0.25.  As  a  result,  the  reduction  of  hydrogen  binding  energy  by  about 
leV  is  expected.  This  rough  estimation  requires  a  comprehensive  theoretical  analysis. 
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Abstract 

Hydrogen  molecules  in  crystalline  silicon  treated  with  hydrogen  atoms  are  investigated  using  Raman 
scattering  spectroscopy.  The  rotational  and  vibrational  Raman  lines  of  hydrogen  molecule  are 
observed  at  590  cm"l  and  4158  cm"',  respectively.  The  Raman  measurements  show  that  H2 
concentration  has  a  maximum  for  hydrogenation  at  400  °C.  The  vibrational  Raman  line  of  hydrogen 
molecules  is  broad  and  asymmetric  due  to  inhomogeneous  broadening  originated  from  various 
configurations  in  crystalline  silicon.  Successive  treatment  with  hydrogen  and  deuterium  atoms 
showed  that  Si-H  bonds  formed  by  hydrogenation  play  little  role  in  the  formation  of  hydrogen 
molecules. 


Introduction. 

Hydrogen  in  semiconductors  has  been  examined  extensively  with  various  experimental  and 
theoretical  methods.  Hydrogen  in  crystalline  silicon  has  several  possible  configurations.  It 
terminates  dangling  bonds  on  the  surface,  and  passivates  acceptors,  donors  and  deep  level  impurities 
in  the  bulk  by  forming  complexes  with  the  dopants  [1,2].  Several  experimental  studies 
have  observed  {111}  platelets  [3,4]  and  metastable  diatomic  hydrogen  complex  [5]  formed  in 
heavily  doped  n-type  silicon. 

Theoretical  calculations  have  predicted  that  hydrogen  molecule  is  stable  at  tetrahedral  interstitial  sites 
in  silicon  with  its  axis  along  a  <100>  (or  <11 1>)  direction  [6,7,8,9].  There  are  also  several 
experimental  results  that  suggest  indirectly  the  existence  of  hydrogen  molecules  in  crystalline  silicon 
[10,1 1,12,13,14].  Murakami  and  his  group  have  inferred  a  formation  of  hydrogen  molecules  in  n- 
type  silicon  after  hydrogenation  at  temperatures  between  250  to  400  °C  from  the  hydrogenation- 
temperature  dependence  of  the  line  width  of  the  electron  spin  resonance  (ESR)  spectrum  of 
conduction  electrons  [10,  11].  Recently,  we  have  confirmed  for  the  first  time  the  existence  of 
hydrogen  molecules  in  crystalline  silicon  by  detecting  their  vibrational  and  rotational  Raman  lines  in 
heavily  doped  n-type  crystalline  silicon  treated  with  hydrogen  atoms  [15,16,17,18].  Interactions  of 
the  hydrogen  molecules  with  conduction  electrons  in  the  crystalline  silicon  have  been  studied  [29]. 
For  other  semiconductors,  hydrogen  molecules  in  GaAs  have  also  been  observed  by  means  of  Raman 
scattering  spectroscopy  and  exhibited  a  Raman  shift  lower  than  that  in  Si  [19].  This  suggests  the 
importance  of  further  study  on  the  matrix  effect ,  i.e.,  ionicity,  lattice  constant,  etc.  of  crystals,  to 
Raman  shift  of  hydrogen  molecules. 

In  the  present  paper,  we  report  a  detailed  study  on  hydrogen  molecules  in  crystalline  silicon  by  means 
of  Raman  measurements.  The  hydrogenation-temperature  dependence  of  the  fomiation  of  hydrogen 
molecules  has  been  examined.  Successive  treatments  with  atomic  hydrogen  and  with  atomic 
deuterium  have  been  performed  to  investigate  the  formation  mechanism  of  hydrogen  molecules.  The 
configuration  and  the  thermal  stability  of  hydrogen  molecules  in  crystalline  silicon  are  also  briefly 
described. 
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Experimental. 

p-type  [100]  FZ  Si  (80-100  Qcm)  wafers  were  used  as  crystalline  Si  samples.  The  samples  were 
treated  with  atomic  hydrogen  from  a  hydrogen  plasma  at  substrate  temperatures  between  60  to  600  C 
for  3  hours.  The  experimental  setup  is  shown  in  Fig.  1.  The  hydrogen  plasmas  were  generated  by 
microwave  irradiation  in  a  cavity.  The  samples  were  placed  60  cm  apart  from  the  plasma  to  suppress 
damage  from  the  activated  species.  FI2O  gas  (0.05  Torr)  was  added  to  H2  gas  (0.95  Torr)  to 
suppress  recombination  of  hydrogen  atoms  at  quartz  wall  surfaces.  We  also  performed  deuterium 
atom  treatment  by  using  D2  and  D2O  instead  of  H2  and  H2O,  respectively.  The  substrate  temperature 

during  hydrogenation  was  monitored  using  interference  of  an  infrared  light  from  InGaAsP  laser  (X,= 
13 10  nm)  reflected  on  both  surfaces  of  the  wafers  mirror-polished,  since  conventional  thermocouples 
react  with  hydrogen  atoms  and  lead  to  an  overestimation  of  the  temperature.  The  substrate 
temperature  during  the  hydrogen  atom  treatment  was  controlled  to  an  accuracy  of  +2.5  °C.  Details  of 
the  method  of  hydrogenation  were  reported  elsewhere  [26].  The  depth  profiles  of  hydrogen  and 
deuterium  in  crystalline  silicon  were  obtained  from  secondary  ion  mass  spectroscopy  (SIMS) 
measurements.  The  silicon  sample  treated  at  400  C  exhibited  a  peak  with  a  concentration  of  ~  5  x 
1020/cm3  at  around  40  nm  and  had  a  total  amount  of  hydrogen  (areal  concentration)  ~  5  x  lOl^ 
atoms/cm^.  We  also  performed  chemical  etching  of  the  samples  in  a  1  :  25  mixture  of  5  %  HF  and  50 
%  HNO3  aqueous  solutions  to  estimate  the  depth  profile  of  H2  in  Si  from  Raman  measurements. 


Raman  scattering  measurements  were  performed  at  room  temperature  and  at  90K.  A  cw  argon-ion 
laser  with  a  wavelength  of  514.5  nm  was  used  as  an  excitation  source.  Scattered  light  was  collected 
in  a  90°  configuration,  analyzed  using  a  triple  grating  monochromator  with  a  wavenumber  resolution 
of  0.7  cm-1,  and  detected  with  a  spectrometric  multichannel  analyzer.  Raman  spectra  were  measured 
in  Raman  shift  ranging  from  300  to  4300  cm'f 


Results  and  Discussion. 

Figure  2(a)  shows  a  Raman  spectrum  of  crystalline  Si  after  treatment  with  atomic  hydrogen  at  400  C. 
Raman  lines  observed  at  aronnd  590  cm’l  and  4158+3  cm  l  were  assigned  to  the  So(l)  rotational  line 
and  the  Qi  vibrational  line  of  H2,  respectively.  A  broad  and  asymmetric  Raman  band  at  around  2100 
cm-J  was  attributed  to  the  stretching  of  Si-H  bonds  in  crystalline  silicon.  The  Raman  spectrum  is 
very  similar  in  the  line  shape  with  that  of  heavily  doped  n-type  crystalline  Si  after  hydrogen  atom 
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Fig.  3  Raman  intensities  of  the  vibrational  line  of  H2  and 
the  Si-H  stretching  line  after  sequential  chemical  etching. 
The  intensities  are  normalized  by  those  before  etching 
(etched  depth  =  0). 


Fig.  4  Model  for  H2  in  Si  crystal; 
H2  is  trapped  in  the  tetrahedral  site 
of  Si,  with  its  axis  oriented  in  the 
<100>  direction. 


treatment  at  400  °C  [15,16,17,18].  Figure  2(b)  shows  a  Raman  spectrum  of  crystalline  Si  treated 
with  deuterium  atoms  at  400  °C.  The  Raman  lines  associated  with  H2  or  Si-H  were  not  detected,  but 
theQi  vibrational  line  of  D2  at  2990  cm-’  and  the  Si-D  stretching  line  at  1530  cm-1  were  observed. 
The  isotope  shift  confirms  the  existence  of  hydrogen  molecules  in  crystalline  Si. 

The  depth  profile  of  H2  in  Si  was  obtained  by  performing  sequential  chemical  etching  of  the  surface 
layers.  In  Fig.  3  is  plotted  the  intensity  of  the  Qi  vibrational  line  of  H2,  together  with  that  of  Si-H 
stretching,  as  a  function  of  etching  depth.  Fig.  3  indicates  that  H2  has  a  depth  distribution  of 
about  100  nm  from  the  surface,  which  is  comparable  to  that  of  the  H  concentration  measured  with 
SIMS  [18];  in  other  words,  H2  exists  not  only  near  the  surface  but  in  bulk  Si  crystal.  A  most 
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plausible  trapping  site  of  H2  is  the  tetrahedral  interstitial  site  in  crystalline  Si  illustrated  in  Fig.  4, 
which  was  predicted  by  theoretical  calculations  [6,7 ,8,9]. 

Fioures  5  and  6  show  the  rotational  and  vibrational  lines  of  H2,  respectively,  for  Si  crystal  treated 
with  atomic  hydrogen  at  various  temperatures.  The  intensities  of  the  rotational  and  vibrational  lines 
are  largest  at  hydrogenation  temperature  of  400  “C,  while  that  of  the  Si-H  stretching  line  has  a 
maximum  at  250  °C,  as  shown  in  Fig.  7.  The  Raman  shift  of  the  vibrational  line  of  H2  was  almost 
constant  at  4158+3  crn'l,  while  the  width  decreases  with  increasing  hydrogenation  temperature.  The 
vibrational  line  of  H2  is  significantly  asymmetric  with  a  shoulder  at  around  4130  cm-1  for  ciystalhne 
Si  hydrogenated  at  250  °C,  which  corresponds  to  the  maximum  formation  of  Si-H.  Itie 
main  peak  at  4160  cm'l  is  attributed  to  H2  trapped  in  the  tetrahedral  sites  in  well-ordered  silicon 
lattice  whereas  the  shoulder  around  4130  cm'l  is  inferred  to  arise  from  H2  in  the  tetrahedral  sites 
distorted  by  the  existence  of  Si-H  bonds  in  the  vicinity.  We  have  investigated  the  difference  be^een 
p-type  and  heavily-doped  n-type  crystalline  silicon  samples.  However,  there  was  no  sigmlicant 
difference  in  hydrogenation-temperature  dependence  of  the  Raman  spectra  [18]. 

It  is  noted  that  the  widths  of  the  rotational  and  vibrational  lines  in  Figs.  5  and  6  are  always  much 
larger  than  those  of  gaseous  or  solid  hydrogen  molecules  [20,21],  while  the  Raman  shifts  are 
comparable.  The  line  width  of  the  vibrational  line  decreased  with  increasing  hydrogenation 
temperature,  from  ca.  50  cm'l  for  180°C  hydrogenation  to  30  crn’l  for  500°C  hydrogenatira.  The 
broadening  of  the  Raman  lines  of  H2  is  too  large  to  be  explained  by  high-pressure  gaseous  H2.  In 
fact,  the  vibrational  Raman  line  of  gaseous  H2  at  a  pressure  of  200  MPa,  the  pressure  of  gaseous  H2 
in  voids  in  amorphous  silicon  [22,23],  has  a  width  no  more  than  3  cm’l  [24].  On  the  other  hand,  for 
H2  dissolved  in  vitreous  silica  the  spectral  width  is  about  20  cm'^  at  room  temperature  and  exhibits 
significant  narrowing  with  decreasing  measurement  temperature  [25].  The  temperature  -  dependent 


^ 

Wavenumber  (cm  ')  Wavenumber  (cm'  ) 


Fig.  5  The  rotational  Raman  line  of  Hg  in 
crystalline  Si  treated  with  H  atoms  at  (a) 
250  °C,  (b)  350  °C,  (c)  400  °C  and  (d)  500 
°C. 


Fig.  6  The  vibrational  Raman  line  of  H2  in  crystalline 
Si  (a)  before  hydrogenation,  and  after  hydrogenation 
at  (b)  180  °C,  (c)  250  °C,  (d)  300  °C,  (e)  400  °C,  and 
(f)600°C. 
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Fig.  7  The  Raman  intensities  of  the  vibrational  line  of  H2 
(closed  circle)  and  the  Si-H  stretching  line  (open  square) 
as  functions  of  substrate  temperature  during 
hydrogenation.  The  Raman  intensities  are  normalized 
by  that  of  the  optical  phonon  line  of  silicon  at  521  cm'*. 


Fig.  8  The  vibrational  Raman  line  of 
H2  in  silicon  treated  with  atomic 
hydrogen  at  400°C  measured  at  (a)  90 
K  and  (b)  room  temperature. 


part  of  the  width  is  explained  in  terms  of  collisional  or  motional  broadening  while  the  temperature- 
independent  width  ascribed  to  inhomogeneous  broadening.  To  examine  the  origin  of  the  large  width 
in  the  present  study,  Raman  measurements  were  also  performed  at  90  K.  Figure  8  shows  the 
vibrational  line  of  H2  measured  at  90  K  and  room  temperature  in  the  same  experimental 
configuration.  No  significant  difference  was  observed  upon  lowering  the  temperature  to  90  K, 
indicating  that  the  broadening  is  not  attributed  to  collisional  broadening  in  high  pressure  gas  or  other 
motional  broadening,  but  predominantly  to  inhomogeneous  broadening  due  to  various  configurations 
in  Si  crystal.  We  consider  that  most  H2  molecules  are  trapped,  isolated  in  the  tetrahedral  interstitial 
sites,  in  well-ordered  bulk  crystalline  Si,  as  shown  in  Fig.  4.  The  width  obtained  experimentally  in 
the  present  study,  about  30  cm  *,  is  also  comparable  to  the  distribution  in  the  vibrational  frequency  of 
FI2  in  different  orientations  in  the  tetrahedral  site  in  Si  obtained  from  ab  initio  calculations  [9]. 

The  hydrogenation-temperature  dependence  in  Fig.  7  shows  that  H2  is  formed  at  higher  temperature 
(400  °C)  than  Si-H  formation  (250°C).  To  investigate  the  formation  mechanism  of  H2,  especially  the 
role  of  Si-H  bonds  in  the  formation  of  H2,  successive  deuterium  and  hydrogen  atom  treatments  were 
carried  out  on  crystalline  Si.  Figure  9  shows  the  Raman  spectra  of  crystalline  Si  treated  with  D  atoms 
at  250  °C  for  3  hours  and  successively  with  H  atoms  at  250  °C  for  4  hours.  H  atom  treatment  in 
addition  to  D  atom  treatment  induced  the  vibrational  line  of  H2  at  4158  cm'*  and  Si-H  stretching 
around  2100  cm'*  and  reduced  the  Si-D  stretching  at  1530  cm'*;  it  affected  little  the  vibrational  line  of 
D2  at  2990  cm'*.  In  the  wavenumber  region  around  that  of  gaseous  HD  (~3630  cm'*,  indicated  by 
an  arrow),  however,  no  Raman  signal  was  detected  after  H  atom  treatment.  The  result  suggests  that 
Si-H  (Si-D)  bonds  play  no  important  role  in  the  formation  of  hydrogen  molecule;  that  is  to  say,  most 
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Fis.  9  Raman  spectra  of  crystalline  Si  (a)  after  treatment  with  D  atoms  at  250  °C  for  3  hours  and 
successively  after  treatment  with  H  atoms  at  250  “C  for  4  hours.  The  frequency  of  gaseous  HD 
(~3630cm-l)  is  shown  with  an  arrow. 


of  H2  molecules  are  not  formed  via  H  abstraction  from  Si-H  bond.  Further  H/D  atom  treatment  is  in 
progress  to  investigate  the  formation  mechanism  of  Hi  systematically. 


In  order  to  investigate  the  thermal  stability  of  Hi  in  Si,  we  performed  thermal  anneaUng  at 
temperatures  from  300  to  500  °C  for  20  minutes  after  a  treatment  with  hydrogen  atoms  at  ^0  C  lor 
3  hours,  and  measured  changes  in  the  intensity  and  the  shape  of  the  vibrational  line  ol  Hi.  l  ne 
intensity  was  almost  constant  up  to  400  °C  with  a  similar  line  shape,  indicating  that  H2  is  stably 
trapped  in  the  crystalline  silicon  up  to  ===  400*’C.  The  intensity  decreased  drastically  after  annealing^ 
450  "C,  and  disappeared  after  annealing  at  500  “C.  The  decrease  in  the  Raman  inten^ty  above  400 
"C  is  not  ascribed  to  the  dissociation  but  to  the  diffusion  of  H2  in  crystalline  silicon.  [27]. 


The  effect  of  crystal  disorder  on  the  formation  of  Hi  was  examined  to  understand  trapping  sites  for 
Hi  in  crystalline  Si.  We  made  Raman  measurements  on  crystalline,  microcrystalline  and  amorphous 
Si  treated  with  atomic  hydrogen.  A  vibrational  line  of  Hi  was  observed  in  crystalline  and 
microcrystalline  Si  after  hydrogenation,  and  the  intensity  in  microcrystalline  is  one  iiith  ot  that 
observed  in  crystalline  Si.  No  Raman  signal  due  to  hydrogen  molecule  was  observed  in  amorphous 
Si.  The  results  imply  that  Hi  is  trapped  in  non-damaged,  well-ordered  bulk  crystal  [2SJ. 


Hydrogen  molecules  are  observed  in  crystalline  silicon  treated  with  hydrogen  atoms  at  substrate 
temperatures  between  180  and  500  ”C.  The  vibrational  and  rotational  Raman  lines  of  hydrogen 
molecule  in  crystalline  silicon  are  observed  at  4158  cm’l  and  590  cm‘l,  respectively,  and  their 
intensities  are  largest  for  hydrogenation  at  400  “C.  The  broad  and  asyinmetnc  Raman  spectram  of  Hi 
suggests  that  the  configurations  for  the  hydrogen  molecules  are  not  unique  in  crystalline  silicon.  W  e 
infer  that  most  hydrogen  molecules  are  isolated  at  the  tetrahedral  sites  in  well-ordered  silicon  crystal 
lattice  with  various  molecular  orientations.  The  hydrogen  molecules  are  stably  trapped  there  up  to 
about  400  °C.  Among  the  formation  mechanisms  of  hydrogen  molecules,  abstraction  ol  H  atoms 
from  Si-H  bonds  is  not  dominant. 
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The  physics  and  chemistry  of  hydrogen  molecules  in  crystalline  silicon  are  not  well  understood.  We 
need  more  studies  using  probing  techniques  such  as  ion  channeling  to  determine  the  trapping  sites, 
ESR  and  NMR  to  know  the  nuclear  magnetic  properties  of  hydrogen  molecules  in  crystalline 
semiconductors.  It  is  also  of  importance  to  make  a  systematic  study  of  the  matrix  effect  on  the 
formation  of  hydrogen  molecules.  Finally,  the  effects  and  dynamic  behaviors  of  the  molecular 
hydrogens  in  semiconductors  must  be  clarified  for  further  development  of  the  present  semiconductor 
devices  such  as  Si-LSI,  GaN  photodiode,  etc.  which  include  hydrogen  impurities. 
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Abstract.  Thermal  stability  of  H2  formed  in  crystalline  silicon  by  hydrogenation  at  250  °C  was 
investigated  by  performing  diermal  annealing.  Isochronal  annealing  was  done  between  300  and  500 
°C,  and  isothermal  annealing  at  300, 400,  and  420  °C  was  performed  up  to  200  minutes.  The  Raman 
intensity  of  hydrogen  molecule  was  observed  to  decrease  after  thermal  annealing  at  and  above  400  °C, 
while  its  line  shape  was  almost  constant.  The  result  indicates  that  hydrogen  molecule  is  stably  trapped 
in  silicon  below  400  °C.  The  intensity  decay  is  ascribed  to  the  diffusion  of  H2  out  of  the  region 
probed  by  Raman  measurements,  since  the  activation  energy  of  the  intensity  decay  estimated  from 
thermal  annealing  was  comparable  to  a  calculated  potential  barrier  between  hydrogen  molecules  at  a 
tetrahedral  site  and  at  a  hexagonal  site  of  silicon. 


Introduction. 

Hydrogen  is  incorporated  into  semiconductors  during  various  steps  of  processing,  and  affects  their 
electronic  properties  by  passivating  shallow-level  dopants  and  deep-level  impurities.  The  diffusion  of 
hydrogen  in  silicon  has  been  investigated  extensively  with  various  experimental  techniques  [1]. 
Johnson  and  Herring  investigated  the  spatial  distribution  of  hydrogen  resulting  the  diffusion  through 
p-n  junction  using  seconda^  ion  mass  spectrometry  [2],  They  observed  highly  immobile  neutral  form 
of  hydrogen  accumulated  in  excess  of  local  boron  concentration,  and  ascribed  it  to  H2.  However, 
there  have  been  no  direct  experiments  for  the  diffusion  and  dissociation  of  hydrogen  molecule  in 
crystalline  silicon. 

Recently  we  presented  the  first  direct  observation  of  hydrogen  molecules  H2  in  crystalline 
silicon  using  Raman  scattering  spectroscopy  [3-7].  The  Raman  lines  of  H2  were  observed  for  silicon 
hydrogenated  at  temperatures  between  180  °C  and  500  °C,  and  their  intensities  had  a  maximum  for 
hydrogenation  at  4O0  "C.  The  vibrational  Raman  line  of  H2  was  very  broad  and  asymmetric, 
consisting  of  at  least  two  components,  especially  for  samples  hydrogenated  at  relatively  low 
temperatures  such  as  250  °C.  We  inferred  H2  to  be  trapped  isolated  at  the  tetrahedral  (Td)  interstitial 
sites  in  silicon  based  on  experimental  results  [8]  and  theoretical  calculations  [9,10].  However,  the 
origins  of  the  large  width  and  asymmetry  of  the  vibrational  line,  as  well  as  the  formation  mechanism 
of  H2  in  silicon,  are  remain  ambiguous. 

In  the  present  study  we  performed  thermal  annealing  on  crystalline  silicon  hydrogenated  at 
250  °C  to  investigate  the  diermd  stability  of  hydrogen  molecules,  which  are  inferred  to  be  trapped 
predominantly  isolated  in  the  Td  sites  of  silicon  but  a  few  of  them  also  in  other  configurations  for 
silicon  hydrogenated  at  this  temperature.  Thermal  annealing  was  carried  out  isochronally  on  a 
hydrogenated  silicon  at  temperatures  ranging  300  -  500  °C  to  investigate  the  trapping  sites  and 
formation  mechanisms  of  H2.  More  detailed  information  such  as  the  activation  energy  of  the  intensity 
decay  was  obtained  from  isothermal  annealing  at  relatively  low  temperatures. 

Experimental. 

/7-type  [100]  floating-zone  Si  wafers  were  used  as  crystalline  Si  samples.  Hydrogenation  was 
performed  on  the  silicon  samples  at  250  °C  for  3  hours  by  remote  downstream  treatment  of  hydrogen 
atoms  [4,5].  This  method  suppresses  hydrogen  ions  and  electrons  flowing  down  to  the  sample,  and 
introduces  only  hydrogen  atoms  into  tire  sample  without  a  significant  damage  on  the  surface.  The 
temperature  of  the  samples  during  hydrogenation  was  monitored  using  interference  of  a  1310  nm  light 
from  an  InGaAsP  laser  reflected  on  both  sides  of  the  wafers  mirror  polished,  and  controlled  with  an 
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accuracy  of  ±  2.5  °C.  Details  of  the  hydrogenation  method  were  described  elsewhere  [4,5]. 

Thermal  annealing  on  the  hydrogenated  silicon  samples  was  performed  in  an  atmosphere  of 
flowing  highly-pure  N2  gas  to  prevent  oxidation  and  contamination  by  carbon  and  other  elements. 
The  temperature  during  annealing  was  controlled  with  an  accuracy  of  ±  5  °C.  Isochronal  annealing 
was  carried  out  on  a  hydrogenated  sample  accumulatively  at  temperatures  raging  300  -  500  °C,  for 
20  minutes.  Isothermal  annealing  was  done  at  300, 400  and  420  °C,  respectively. 

All  the  Raman  scattering  measurements  were  performed  at  room  temperature  after  each 
atmealing.  A  cw  argon-ion  laser  with  a  wavelength  of  514.5  nm  was  used  as  an  excitation  source. 
Scattered  light  was  collected  in  a  90°  configuration,  analyzed  using  a  triple  grating  monochromator 
with  a  wavenumber  resolution  of  0.7  cm-l,  and  detected  with  a  spectrometric  multichannel  analyzer. 


Results  and  Discussion. 

Figure  1  (a)  and  (b)  show  Raman  spectra  of  silicon  hydrogenated  at  250  C  before  and  after 
isochronal  annealing.  The  broad  Raman  band  at  4160  cm‘l  in  Fig.  1(a)  is  the  Qi  vibrational  line  of 
H2,  and  the  one  at  around  2100  cm‘l  in  Fig.  1(b)  the  Si-H  stretching  band.  The  intensities  of  the 
vibrational  line  of  H2  and  the  Si-H  stretching  band  after  the  annealing  are  plotted  in  Fig.  2.  Annealing 
up  to  400  °C  scarcely  affected  the  intensity  and  the  line  shape  of  the  vibrational  line  of  H2.  The 
intensity  decreased  abruptly  after  annealing  above  400  °C  and  disappeared  after  annealing  at  500  C. 
However,  for  the  silicon  hydrogenated  at  500  °C,  the  Qi  line  of  H2  was  clearly  observed  and  the 
intensity  was  about  one  half  compared  with  that  for  the  silicon  hydrogenated  at  400  C  [5].  On  Ae 
other  hand,  the  Si-H  stretching  band  changed  gradudly  in  its  intensity  and  line  shape  with  increasing 
annealing  temperature.  It  is  noted  that  the  intensity  of  H2  does  not  increase  while  that  of  Si-H 
decreases  with  increasing  annealing  temperature  up  to  400  °C.  This  indicates  the  formation  of  H2 
following  the  thermal  dissociation  of  Si-H  is  negligible. 


4000  4100  4200  4300  2000  2200 

Raman  Shift  (cm'^)  Raman  Shift  (cm"^) 


Fig.  1  Raman  spectra  of  crystalline  Si  hydrogenated  at  250  °C  after  accum^ative  thermal  annealing  at 
different  temperatures  for  20  minutes,  respectively;  (a)  the  Qi  vibrational  line  of  H2,  and  (b)  the  Si-H 
stretching  band. 
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Fig-  2  The  intensities  of  the  Qi  vibrational  line  of  H2  and  the  Si-H  stretching  band  after  successive 
annealing  at  different  temperatures  for  20  min  at  each  temperature.  The  intensities  are  normalized 
with  those  before  annealing,  which  are  plotted  at  250  “C  (the  temperature  of  hydrogenation  of  the 
sample). 


The  vibrational  line  of  H2  for  crystalline  silicon  hydrogenated  at  250  ®C  can  be  decomposed 
into  at  least  two  components,  a  main  peak  at  4160  cm-l  and  a  shoulder  around  4130  cm-l.  The  main 
peak  at  4160  cm"l  is  attributed  to  H2  trapped  in  the  T(i  sites  in  well-ordered  silicon  lattice,  whereas  the 
shoulder  around  4130  cm’i  is  inferred,  from  the  hydrogenation-temperature  dependence  of  its 
intensity,  to  arise  from  H2  in  the  Td  sites  distorted  by  the  existence  of  Si-H  bonds  in  the  vicinity  [5]. 
It  is  noted  that  in  Fig  1  the  vibrational  line  of  H2  after  aimealing  up  to  400  °C  is  very  similar  to  the 
initial  one  before  annealing,  being  very  broad  and  asymmetric.  This  result  is  in  contrast  to  narrower 
and  more  symmetric  line  shape  for  crystalline  silicon  hydrogenated  at  400  °C  [5],  and  indicates  that 
the  thermal  stability  of  H2  in  different  configurations,  corresponding  to  4160  cm-1  and  4130  cm-1 
components,  is  comparable.  No  change  in  the  line  shape  obtained  in  the  present  study  suggest  that  the 
thermal  stability  of  the  H2  molecules  in  different  configurations  in  silicon  is  very  similar. 

The  decrease  in  the  intensity  of  Si-H  is  attributed  to  its  thermal  dissociation.  After  annealing  at 
300  °C  the  shoulder  at  2130  cm  ^  in  the  Si-H  band,  which  is  plausibly  attributed  to  Si-H  bonds  in 
platelets  [5],  disappeared.  This  result  is  in  accordance  with  the  thermal  stability  of  {111}  platelets 
observed  with  transmission  electron  microscopy  [11].  The  sharp  peak  at  2100  cm-1  vanished  after 
further  annealing  at  450  °C,  but  a  small  peak  around  2120  cm-1  remain  after  annealing  at  450  °C. 
This  is  consistent  with  the  inference  that  4130  cm-l  shoulder  in  the  H2  Raman  line,  which  remains  at 
least  up  to  ^  °C  annealing,  is  trapped  in  sites  that  is  related  to  Si-H  bonds. 

To  investigate  the  mechanism  of  the  disappearance  of  H2  by  thermal  annealing  in  more  detail 
isothermal  annealing  at  relatively  low  temperatures  such  as  300,  400  and  420  °C  was  performed  on 
ciystallme  silicon  hydrogenated  at  250  "C.  The  intensity  of  the  vibrational  line  of  H2  after  annealing 
IS  plotted  as  a  function  of  accumulated  annealing  time  in  Fig.  3.  Annealing  at  300  °C  for  3  hours 
hardly  affected  the  intensity  of  H2.  The  intensity  decays  with  time  for  annealing  at  400  and  420  °C 
faster  for  annealing  at  higher  temperature.  ’ 

The  decrease  in  the  intensity  by  isothermal  annealing  was  fitted  to  an  exponential  decay  written 


/  =  /oexp(-r/T),  (1) 

where  Iq  and  I  are  the  Raman  intensity  of  H2  before  and  after  annealing,  respectively,  t  the 
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accumulated  annealing  time,  and  x  a  time  constant.  A  decay  rate  of  the  intensity  of  H2  can  be  defined 

by  the  inverse  of  the  time  constant.  Figure  4  shows  an  Arrhenius  plot  of  the  decay  rate  (1/x)  obtmned 
from  the  isothermal  and  the  isochronal  annealings.  The  decay  rate  was  roughly  fitted  by  a  single 
exponent  with  an  activation  energy  of  1.6±0.4  eV. 


Accumulated  Annealing  Time  (min) 


Fig.  3  The  intensities  of  the  Qi  vibrational  line  of  H2  after  annexing  at  300,  400  and  420  C  as 
functions  of  accumulated  annealing  time.  The  intensities  are  normalized  with  those  before  annealing, 
which  are  plotted  at  zero  annealing  time.  The  solid  curves  represent  exponential  fitting  curves 
represented  by  eq.  (1). 


Fig.  4  Arrhenius  plot  of  the  decay  rate  (l/x).  The  solid  line  represents  a  fitting  using  a  single 
exponent,  which  gives  an  activation  energy  of  1.6±0.4  eV. 

There  are  two  possible  explanations  for  the  decay  of  the  Raman  intensity  of  H2  under  Aermal 
annealing.  One  is  that  H2  escapes  from  the  probed  region  (about  1000  nm  from  the  surface  in 
crystalline  silicon)  through  a  diffusion  process,  and  the  other  is  dissociation  of  H2  to  two  H  atoms. 
We  calculated  the  energies  of  the  diffusion  and  the  dissociation  of  H2  in  silicon  using  an  ab  initio 
Hartree-Fock  method  and  a  silicon  cluster  model  (SiioHie)  [9,10].  The  calculation  showed  the  most 
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stable  site  of  H2  in  silicon  is  the  Td  site.  The  energy  barrier  for  diffusion  of  H2  at  a  Td  site  to  the  next 
Td  site  through  a  hexagonal  (Hex)  site  was  calculated  to  be  1.47  eV.  The  calculated  energy  barrier  is 
compared  with  the  results  reported  by  other  authors  ;  1.74  eV  in  Ref.  [12],  1.1  eV  in  Ref.  [13].  The 
dissociation  energy  of  H2  at  a  Td  site  into  two  H  atoms  is  calculated  to  be  2.93  eV.  The  calculated 
dissociation  energy  is  compared  with  the  results  reported  by  other  authors  [12,14-16].  The  calculated 
diffusion  barriers  are  comparable  to  the  experimentally  estimated  activation  energy  of  the  decay  rate, 
but  the  calculated  dissociation  energies  are  much  higher.  From  these  result,  therefore,  the  decrease  in 
the  intensity  of  the  Raman  intensity  of  H2  is  therefore  attributed  to  the  diffusion  of  H2  out  of  the 
region  probed  with  Raman  measurements. 

The  diffusion  coefficient  of  H2  in  silicon  was  estimated  to  be  an  order  of  10“ cm^/sec  at  400 
°C  using  the  calculated  value  of  1.47  eV  as  the  diffusion  activation  energy,  Debye  frequency  as  the 
jump  frequency,  and  the  distance  between  Td-Hex-Td  sites  as  the  jump  distance.  This  diffusion 
coefficient  is  lower  than  4-5  orders  of  magnitude  lower  than  that  for  atomic  hydrogen  in  silicon  [1]. 

In  conclusion  we  performed  thermal  aimealing  on  hydrogenated  crystalline  silicon  to 
investigate  the  thermal  stability  of  H2.  The  intensity  of  the  vibrational  line  of  H2  decreased  after 
annealing  above  400  °C.  The  activation  energy  of  the  decay  of  the  Raman  intensity  of  H2  is  estimated 
and  consistent  with  a  calculated  potential  barrier  between  a  Tj  site  and  a  Hex  site  of  silicon, 
suggesting  that  the  intensity  decay  is  due  to  the  diffusion  of  H2  from  a  Td  site  through  a  Hex  site. 
Little  change  in  the  Raman  line  shape  of  H2  in  different  configurations  is  very  similar. 
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EMISSION  AND  CAPTURE  KINETICS  FOR  A  HYDROGEN-RELATED  NEGATIVE-U 
CENTER  IN  SILICON:  EVIDENCE  FOR  METASTABLE  NEUTRAL  CHARGE  STATE 

V.P.Markevich,  L.I.Murin*,  T.Sekiguchi,  and  M.Suezawa 
Institute  for  Materials  Research,  Tohoku  University,  Sendai  980-77,  JAPAN 
*Institute  of  Solid  State  and  Semiconductor  Physics,  P.Brovki  str.  17,  Minsk  220090, 

BELARUS 

Keywords:  silicon,  hydrogen-related  center,  emission,  capture,  electronic  structure,  metastable  state 

Abstract.  The  results  of  study  of  electron  emission  and  capture  processes  for  an  amphoteric  (having 
a  donor  and  an  acceptor  levels)  hydrogen-related  center  with  negative-U  properties  in  crystalline 
silicon  are  presented.  It  is  found  that  only  singly  negatively  and  singly  positively  charged  states  of 
the  defect  are  stable,  but  for  the  description  of  the  transient  process  between  these  states 
thermodynamically  unstable  neutral  charge  state  should  be  taken  into  account.  Two  local  energy 
minima  in  configurational  space  are  suggested  to  be  present  for  this  state.  A  non-equilibrium 
occupancy  statistics  for  the  negative-U  centers  with  such  an  electronic  structure  has  been  developed 
and  analytical  expression  for  the  time  constant  of  the  occupancy  transient  process  (xf)  is  obtained. 
Experimentally  observed  Xf ‘(1/T)  dependencies  were  described  perfectly  by  applying  the  developed 
statistics  and  the  values  of  energy  barriers  for  the  electron  capture  and  emission  were  determined. 

Introduction. 

At  present  a  great  number  of  defect  systems  displaying  metastable  properties  is  known  in 
semiconductors  including  the  well  known  and  technologically  important  EL2  in  GaAs,  DX-centers 
in  AlGaAs,  bistable  thermal  donors  in  Si  etc.(e.g.  see  reviews  [1,2]  and  Refs,  therein).  An  important 
information  on  the  electronic  structure  and  properties  of  metastable  defects  has  been  obtained  from 
the  studies  of  the  carrier  emission  and  capture  kinetics.  However  very  often  there  are  appreciable 
discrepancies  in  some  parameters  of  the  same  center  determined  by  different  investigators.  The 
main  reason  of  this  is  the  complexity  of  the  processes  of  emission  and  capture  of  charge  carriers  for 
metastable  defects.  These  centers  can  exist  in  different  configurations  available  for  the  same  charge 
state.  So,  carrier  emission  or  capture  can  be  followed  by  the  transformation  of  defect  configuration 
towards  the  stable  one.  There  is  no  non-equilibrium  occupancy  statistics  developed  for  such  centers 
in  a  general  case  and  often  it  is  rather  difficult  to  interpret  experimental  data  adequately. 

Recently  a  new  metastable  hydrogen-related  (MHR)  defect  with  negative-U  properties  was 
discovered  in  hydrogenated  Czochralski-grown  silicon  crystals  [3,4].  This  center  is  one  of  the 
dominant  electrically  active  defects  in  Si:0,H  crystals,  irradiated  with  fast  electrons  and  heat-treated 
at  300-400  °C.  It  was  found  that  electronic  properties  of  the  MHR  center  are  similar  to  those  of  the 
DX  centers  in  III-V  compound  semiconductors.  The  center  possesses  a  shallow  donor  and  a  deep 
acceptor  levels  with  inverted  order  of  their  location  in  the  gap.  Positions  of  the  levels  were 
determined  from  the  results  of  Hall  effect  and  infrared  absorption  measurements  as  E(-/0)  =  Ec  - 
0.11  eV  and  E(0/-i-)  =  Ec  -  0.043  eV  [4-6].  It  is  known  that  the  defects  with  such  electronic 
properties  are  only  stable  in  singly  negatively  and  singly  positively  charged  states.  However, 
transitions  between  these  stable  states  goes  through  a  metastable  neutral  charge  state  and 
manifestation  of  this  state  can  be  observed  upon  investigation  of  the  transient  processes.  A 
preliminary  study  of  emission  and  capture  processes  for  the  MHR  center  indicated  the  existence  of 
two  local  energy  minima  in  configurational  space  for  the  neutral  charge  state  of  the  defect  [7]. 
Further  evidence  for  the  existence  of  such  a  metastable  neutral  charge  state  of  the  MHR  center  is 
presented  in  this  paper.  Non-equilibrium  occupancy  statistics  for  the  negative-U  centers  with 
intermediate  metastable  states  is  developed  and  applied  for  the  description  of  emission  and  capture 
kinetics  and  determination  of  characteristics  of  the  MHR  center. 
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Experimental.  ^ 

Czochralski-grown  silicon  crystals  doped  with  phosphorus  (Np  =  S-IO'^*  -f-  510'^  cm  )  have  been 
studied.  Hydrogen  was  introduced  into  the  samples  by  heat-treatments  in  a  H2  gas  ambient  at  1000- 
1200  °C  with  following  rapid  cooling.  Irradiation  with  fast  electrons  (3.5  Me V  in  energy, 
2- 10'^  cm'^s"'  in  electron  beam  intensity)  was  performed  at  room  temperature.  Post-irradiation  heat- 
treatments  were  carried  out  in  argon  atmosphere.  Shottky  barriers  for  capacitance  measurements 
were  prepared  by  evaporation  of  gold  on  the  samples. 

Deep  level  transient  spectroscopy  (DLTS)  measurements  were  carried  out  in  the  temperature 
range  30-300  K.  To  obtain  more  exaet  information  on  the  electron  emission  and  capture  processes 
isothermal  capacitance  transient  spectroscopy  (ICTS)  measurements  were  done  at  different  fixed 
temperatures.  Capacitance  transients  were  measured  in  the  range  lO’^'-lO^  s  by  means  of  a  Sanwa 
MI-416  capacitance  meter.  The  length  of  the  filling  pulse  was  varied  in  the  range  10'^- 10°  s.  The 
changes  in  the  square  of  diode  capacitance  (C^)  were  analyzed  to  find  the  eoncentrations  and 
characteristies  of  the  traps.  C-V  and  Hall  effect  measurements  were  used  for  the  determination  of 
free  carrier  concentration  in  the  samples. 

Experimental  results. 

Figure  1  shows  DLTS  spectra,  recorded  with 
different  emission  rate  windows,  for  an 
hydrogenated  irradiated  sample  (po  =  1  Q  cm) 
after  annealing  at  350  °C.  The  most  intense 
peak  seen  in  the  spectra  in  the  temperature 
range  of  70-100  K  is  related  to  the  ionization 
of  the  MHR  center  [5].  Growth  of  the 
magnitude  of  this  peak  with  the  measurement 
temperature  indicates  the  temperature- 
dependent  capture  rate  of  free  electrons  by  the 
trap.  It  should  be  pointed  out  that  an  analysis 
of  DLTS  spectra  based  on  a  commonly  used 
“temperature  of  the  peak  maximum”  method 
can  lead  to  significant  errors  in  determination 
of  trap  parameters  in  the  case  of  changeable 
magnitude  of  DLTS  peak.  For  example,  the 
analysis  of  DLTS  spectra  shown  in  Fig.  1  by 
means  of  this  method  gives  the  wrong  values  of  activation  energy  of  emission  and  capture  cross 
section  of  electrons  for  the  MHR  center,  0.17  eV  and  1.2- 10"'^  cm^  ,  respectively.  Correct  values  of 
the  trap  parameters  can  be  derived  from  ICTS  measurements. 

Time  transients  of  the  square  of  diode  capacitance  are  presented  in  Fig.  2.  The  transients  were 
taken  for  the  sample  whose  DLTS  spectra  are  shown  in  Fig.  1 .  The  observed  C^  (t)  dependencies  are 
consistent  with  a  mono-exponential  process  of  emission  and  are  described  well  by  the  equation 

d{t)  =  {Coof-Aclo^wi-e„t)  =  {Caaf-2AoNfexp{-e„t)  ’  (1) 

where  (Coo)^  is  the  steady-state  value  of  C^  (at  t  ^  00)  for  an  appropriate  temperature  and  reverse 
bias,  A  do  is  the  deviation  of  d  from  the  steady-state  value  after  filling  pulse,  Ny  is  the 
concentration  of  filled  traps,  and  e„  is  the  emission  rate;  Aq  =  qsA^  /2(Vbi  +  Vr),  where  q  is  an 
elementary  charge,  s  is  the  permittivity  of  material,  A  is  the  area  of  Shottky  contact,  Vbi  is  the 
diffusion  voltage  of  the  diode,  and  Vr  is  the  reverse  bias  voltage.  Because  charge  state  of  the 
MHR  center  changes  from  single  negative  to  single  positive  in  the  process  of  ionization  (negative  U 
manifestation),  factor  2  occurs  in  the  second  term  of  the  right-hand  part  of  Eq.  (1).  Calculated  in 


Fig.  1.  DLTS  spectra  of  a  hydrogenated  (at  T  =  1200  °C) 
and  irradiated  with  fast  electrons  (F  =  1.6*10^^  cm‘^)  Cz-Si 
sample  after  annealing  at  350  °C. 
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accordance  with  Eq.  (1)  C^(t)  dependencies  were  fitted  to  the  experimentally  observed  ones  and  the 
values  of  e„  and  A  do  {Nj)  were  determined  by  means  of  such  a  fitting. 


TIME,  s  TIME.S 

Fig.  2.  Time  transients  of  the  square  of  diode  capacitance  taken  a)  at  75  K  after  filling  pulse  of  different  length  and  b)  at 
different  temperatures  after  pulse  of  1 .0  s  length. 


Figure  3  shows  the  capture  kinetics  for  the  MHR  center  at  different  temperatures.  Analysis  of 
these  kinetics  showed  that  the  trap-filling  process  at  a  fixed  temperature  can  be  considered  as  a 
mono-exponential  growth  to  the  maximum  value  of  Nf  (A^)max  with  increase  in  the  filling  pulse 
length,  i.e, 

^do  =  ^AoNf  =  lA<i[N  Tf)]  ,  (2) 

where  tp  is  the  length  of  filling  pulse,  and  ^is  the  time  constant  of  the  process.  Solid  lines  in  Fig.  3 
present  the  dependencies  calculated  according  to  Eq.  (2)  with  appropriate  choice  of  and  Tf. 

\  7  /  max 


1/T,  K-1 


Fig.  3.  Changes  in  the  square  of  a  diode  capacitance  at 
different  temperatures  as  a  result  of  occupancy  of  the 
MHR  center  with  electrons  after  filling  pulse  of  various 
length. 


Fig.  4.  Temperature  dependence  of  (1)  emission  rate  and 
(2)  the  inverse  time  constant  of  the  trap-filling  process  for 
the  MHR  center  in  an  irradiated  and  heat-treated  (T  =  350 
‘“C)  Si:0,H  sample  with  initial  resistivity  po  =  5  fJ  cm. 


Temperature  dependencies  of  the  emission  rate  (e„)  and  the  inverse  time  constant  of  the  filling 
process  for  the  MHR  center  in  a  hydrogenated  Cz-Si  sample  are  shown  in  Fig.  4.  The 
activation  energy  of  the  emission  process  is  determined  from  the  dependence  of  e„d(l/T)  as  AEe  = 
0.15  eV.  Two  different  slopes  are  apparent  in  the  t/(1/J)  dependence.  It  is  thought  that  the  time 
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constant  of  the  trap-filling  process  for  a  negative-U  center  can  be  expressed  via  the  emission  and 
capture  rates  as  [8] 

r/' =  e«  +  c„/«  =  Sn  +  cr„VM /”  ,  (3) 

where  cr„  is  the  capture  cross  section  of  electrons  by  the  trap,  v,h  is  the  average  thermal  velocity  of 
electrons,  n  is  the  density  of  free  electrons  and /is  a  function  related  to  the  occupancy  probability  of 
an  upper  level  of  the  center.  Two  slopes  in  the  t/(1/T)  dependence  can  be  observed  when  one  or 
another  terms  in  the  right-hand  side  of  Eq.  (3)  is  dominant.  It  follows  from  Eq.  (3)  that  rf  value 
should  always  exceed  the  value  of  e„  but  the  experimental  data  presented  in  Fig.  4  are  not 
consistent  with  this  statement  ((e^exp>('^/)exp)-  Electric  field  in  reverse-biased  Schottky  diodes 
can  be  an  origin  of  the  enhanced  electron  emission  from  traps  but  it  is  found  that  the  field-enhanced 
emission  cannot  account  for  the  unusual  ratio  of  the  emission  and  capture  rates  related  to  the  MHR 
center.  It  is  known  also  that  for  the  defects  with  phonon-assisted  emission  and  capture  processes  the 
activation  energy  of  emission  is  a  sum  of  thermal  ionization  energy  and  an  energy  barrier  for  the 
electron  capture  [9].  Thermal  ionization  energy  of  the  singly  negatively  charged  state  of  the  MHR 
center  was  determined  earlier  as  AE(-/0)  =  0.11  eV  [5].  In  accordance  with  a  simple  calculation  the 
activation  energy  for  the  electron  capture  (AEc)  should  be  0.04  eV  (AEc  =  AEn  -  AE(0/-)-)  =  0.15  - 
0.11  =  0.04  eV).  However,  this  value  differ  significantly  from  the  minimum  possible  AEc  value  of 
about  0.12  eV,  determined  from  the  analysis  of  trap-filling  process  (low-temperature  part  of  curve  2 
in  Fig.  4). 


Discussion. 

It  was  proposed  in  Ref  7  that  peculiar  features  of  emission  and  capture  processes  related  to  the 
MHR  center  could  be  associated  with  the  existence  of  an  intermediate  metastable  configuration  for 
the  neutral  charge  state  of  the  defect.  Appropriate  configurational  coordinate  diagrarn  of  the  center 
is  shown  in  Fig.  5.  In  accordance  with  this  diagram  four  different  states  (O',  X,  H°,  and  H"^)  are 
available  for  the  center  and  transitions  between  the  stable  D'  and  H^  states  must  occur  via  the 
thermodynamically  unstable  X°  and  H®  states,  i.e., 

• 

n~< - +  +  - >H^  +  2e^.  (4) 


The  changes  in  density  of  states  can  be  described  by  the  following  system  of  differential  equations: 

dNn- 

— — —  =  Cnxn  N  0-, 

d  N  yO 

— — —  =  N 0--c„xn  N x'^+wj  ^ ~  ® ^ ’ 

d  N  00 


dt 

dN0+ 

dt 


0)1  N X^  ~  (OlN 0O  -  enH  N 00  +  CnH^N 0+  , 
CnH  N 00-  C„H  «  X 0+  , 


(5) 


du 

—  =  e„DN  0--  N  x°  +  enH  N  0O-  c„h  n  N  0+  ■ 


where  enD(H)  and  CnX(H)  are  the  emission  and  capture  coefficients  defined  in  a  common  manner  (e„  - 
c„Mcexp(-AEAT),  c„  =  aoV,hexp(-AEAT)X  o>i(2)  =  (OoH02)exp(-AE,(2/kT)  are  the  rates  of 
structural  rearrangement,  n  is  the  electron  concentration.  No,  Nx°  ,  Nh  and  Nh""  are  densities  of 
the  appropriate  states  of  the  MHR  center  {No  +  Nx  +  Nh  +  Nh^  =  Nmhr)- 
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The  full  solution  of  the  system  (5)  is  rather 
complicated.  However,  taking  into 
consideration  that  the  reaction  rates  differ 
significantly  and  some  of  the  states  are  in 
quasiequilibrium  and  assuming  that  Nmhr  «  n 
(n  =  const)  we  could  pass  from  such  a  system  to 
an  ordinary  differential  equations  of  the  first 
order.  Analytical  expressions  for  the  changes  in 
the  density  of  states  could  be  obtained  easily  by 
solution  of  such  equations.  In  particular,  the 
changes  in  the  density  of  the  singly  negatively 
charged  state  of  the  defect  at  a  constant 
temperature  after  the  deviation  from 
equilibrium  are  expressed  by  a  simple  equation 

KNix(t)=[ANr)\a^-t/T),  (6) 

Fig.  5.  Configurational  coordinate  diagram  of  the  MHR 

center.  where  (AAf£,-)^  is  the  initial  deviation  from  the 

equilibrium  density  of  the  D'  state  and  t  is  the  time  constant  of  the  process.  This  time  constant 
depends  on  the  reaction  rates  as 

^-1  _  0y\SnD'^Cnx^(O2f}j 

(Ox-^Cran  ’ 

where  //,=Af^/(A//O+Af//+)={l+e>q3[-(£;/;-£(0/+)/^7)]j  ^ =\[+{Ncl^o^-{Ec-H()l+)lkJ^^  is 
the  relative  occupancy  function  of  the  H°  state.  Eq.  (7)  can  be  expressed  in  a  usual  form 


r-'  =  ef  +  cfn 

(8) 

ef  =  e„D{}+Crtx^l 

cf  =  Cnxmrox^ f <»\)  '• 

(9) 

The  analysis  of  Eqs.  (7-9)  has  shown  that  several  different  terms  with  their  characteristic  activation 
energies  and  power  dependenee  on  the  free  carrier  concentration  can  be  dominant  in  f‘(l/T) 
dependence  with  respect  of  the  Fermi  level  position  (Ef)  and  the  Ct^nfroi  ratio. 

Emission  or  capture  beeomes  a  dominant  process  when  Fermi  level  crosses  an  occupancy  level 
E(-/+){E(-/+)  =  l/2[E(-/0)+E(0/+)]}  of  a  negative  U  defect. 

Qjf 

For  Ef>E(-/+)  capture  is  more  effective  and  n  ■  In  principle,  in  this  case  up  to  four 

different  terms  can  occur  in  the  equation  for  t’(1/T)  depending  on  the  position  of  Fermi  level 
relative  to  E(0/+)  level  of  a  center  and  the  c„n/a)i  ratio.  Power  dependence  of  f‘  on  the  free  carrier 
concentration  can  vary  from  0  to  2  in  these  terms. 

For  Ef<E(-/+)  emission  is  a  dominant  process  ) .  If  Cmn«o}]  the  emission  process  is 

similar  to  that  one  of  the  usual  centers.  If  c^n»o)]  then  ~  CnD  COi!  Crai^  and  the  effective 
emission  rate  should  vary  in  inverse  proportion  to  the  electron  concentration. 

The  dependencies  of  f‘(I/T),  experimentally  observed  in  our  study  and  calculated  in 
accordance  with  Eq.  (7-9)  with  appropriate  choice  of  parameters  are  presented  in  Fig.  6.  It  is  found 
that  AEcx  barrier  is  relatively  small  for  the  MHR  center  and  a  Cnxn»o)i  case  occur  when  studying 
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trap-filling  process.  Consequently  n  =  co^f  h  enoCOil Cnx^  fot  the  MHR  center  in 

the  considered  temperature  region  and  the  range  of 
■  \  firee  carrier  concentration.  Besides,  in  this  range 

lo-i  -  \  ^  Ef<E(0/+)  and  fn  can  be  expressed  as 

/^ai(«/^<^)exp[A£'(0/-i-)/A:r].  Finally,  it 
103  -  results  in 

V  \  K  .ff  (mn  (  AE2-A£(0/+)^ 

n  \  IcT  J 

^  XX  for  the  MHR  center.  In  the  depletion  region  of  the 
\  diode  (under  reverse  bias  conditions)  the  ratio 

I _  I  ^ - 1 - . - 1 - 1 

0.010  0.012  0.014  0.016  should  occur  and  en£)  • 

1/T,  K-1  From  the  fitting  procedure  of  experimental 

Fig.  6.  Temperature  dependencies  of  (1,2)  results  in  accordance  with  Eqs.  (7-10)  the  values 
inverse  time  constant  of  the  trap-filling  process  Qf  -  AE(0/+)  and  AEeo  +  AEi  -  AEcx  vvere 
and  (3)  emission  rate  for  the  MHR  center  in  the  q  j2  eV  and  0.27  eV,  respectively, 

samples  with  different  initial  resistivity:  1,3  -  5  .  i  .  ►  •  *1,^ -rv- 

O  cm;  2  - 1  n-cm.  Solid  lines  are  calculated  ones  Activation  energy  of  electron  emission  from  the  D 
according  to  Eqs.  (7-10)  with  the  fitting  state  (AEeo)  was  found  to  be  0.15  eV.  Taking  into 
parameters  given  in  text.  account  the  value  of  AE(0/+)  determined  earlier  as 

0.043  eV  [4],  we  found  that  AE2 «  0.16  eV  and  AEi  -  AEcx «  0.12  eV.  Separate  determination  of  the 
AEi  and  AEcx  values  was  not  possible  firom  the  experimental  data  obtained.  Unfortunately,  limited 
characteristics  of  our  capacitance  meter  do  not  allow  us  to  carry  out  the  measurements  at  higher 
temperatures  and  observe  an  unusual  power  dependence  of  on  the  free  carrier  concentration 
(f’  ~  1/n). 


Concluding  remarks. 

Finally,  it  should  be  noted  that  practically  all  the  parameters  of  metastable  defects  can  be  deduced 
from  the  analysis  of  experimentally  obtained  t/(1/T)  dependencies.  Usual  DLTS  measurements 
with  a  constant  filling  pulse  length  make  it  possible  to  determine  only  the  emission  rate  e„  since  in 
the  depletion  region  of  the  diode  the  electron  recapture  processes  do  not  occur.  So,  to  detect  the 
existence  of  intermediate  states  and  to  determine  parameters  of  metastable  defects  correctly  the 
careful  studies  of  capture  processes  in  a  wide  range  of  temperatures  and  in  crystals  with  different 
doping  levels  are  required  in  addition.  Such  an  approach  was  successful  for  the  explanation  of  some 
peculiar  features  of  emission  and  capture  processes  related  to  the  MHR  center  in  silicon  and 
determination  of  parameters  of  this  defect. 
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Abstract.  The  IR  isotope  analysis  of  Si-H  bond-stretching  and  bond-bending  local  vibrational  modes 
in  proton-implanted  crystalline  silicon  are  performed.  New  data  on  the  identification  of  Si-H  bond¬ 
bending  IR  absorption  bands  are  obtained.  It  is  shown  that  bond-bending  bands  are  split  into  two 
separated  groups  related  to  vacancy-type  and  interstitial-type  complexes  as  in  the  case  of  the  bond¬ 
stretching  bands. 

Introduction. 

Hydrogen  (H)  implantation  into  crystalline  silicon  (Si)  leads  to  appearing  of  very  complicated  IR 
absorption  spectra  caused  by  local  vibrational  modes  of  bonded  H  atoms  [1-3].  At  present  time  there 
are  a  lot  of  experimental  and  theoretical  data  on  the  nature  of  bond-stretching  bands  [4,5].  However 
the  analysis  of  bond-bending  spectra  is  very  difficult  because  of 

-  bond-bending  Si-H  bands  in  the  range  500-800  cm"'  are  broad; 

-  weak  or  unresolved  splitting  are  characteristic  of  the  bands; 

—  there  is  not  direct  correlation  with  behavior  of  the  bond-stretching  bands; 

—  there  is  a  very  intensive  phonon  absorption  in  the  bond-bending  range. 

In  comparison  with  bond-stretching  range  there  are  only  a  few  IR  bands  in  the  bond-bending  range. 
This  fact  indicate  that  the  bond-bending  vibrational  frequencies  of  complexes  with  similar  structure 
may  be  closed  to  each  other  We  have  found  correlation  between  total  intensities  for  some  groups  of 
bond-stretching  and  bond-bending  IR  bands. 

Experimental  results. 

In  this  work  we  have  studied  IR  spectra  of  Si  crystals  with  impurity  concentration  of  Np.b  <10'''  cm' 
and  No,  Nc  <  lO'’  cm'^.  The  samples  were  implanted  by  energetic  E=30  MeV  protons  and  E=25MeV 
deuterons  at  doses  of  3xl0'®-10'*  ion/cm^  and  beam  current  of  0. 1-0.7  pA/cm^.  Various  thickness 
aluminum  screens  were  used  for  ion  energy  reducing  up  to  ~3  MeV  to  prevent  samples  heating.  The 
samples  were  glued  onto  a  water-cooled  aluminum  holder  and  the  temperature  was  kept  at  <50“C. 

IR  spectra  of  implanted  Si:H  and  Si:D  samples  were  measured  in  differential  mode  with  unimplanted 
refereeing  Si  sample  in  the  wavenumber  range  of  500-2300  cm"'  and  temperatures  of  80K  and  300K. 
Typical  Si:H  and  Si:D  IR  spectra  at  300K  are  shown  in  Fig.  1,  Top  one  is  a  redrawn  Si:H  spectrum 
with  wavenumber  scale  reduced  by  a  isotope  shift  factor  of -1.37.  There  is  a  good  similarity  of  the 
spectrum  with  the  Si:D  spectrum  in  the  whole  range  excepting  for  a  neighborhood  of  the  480  cm"' 
TO-phonon  line  which  considerably  affects  the  absorption  related  to  Si-D  bond-bending  modes 

We  have  studied  both  dose  dependence  and  annealing  behavior  of  Si-H  bond-bending  bands  in  the 
500-800  cm"'  range  in  comparison  with  Si-H  bond-stretching  bands  in  the  1900-2250  cm"'  range. 
Dose  dependence  showed  monotonous  increasing  of  bond-bending  bands  intensities  similar  to  dose 
dependence  of  the  main  Si-H  bond-stretching  bands.  However  no  direct  correlation  in  the  dose 
dependence  data  only  was  found  to  separate  groups  of  bond-stretching  and  bond-bending  bands 
arisen  from  the  various  type  vibrational  modes  of  any  H-related  complexes. 
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Figure  1.  Typical  IR  spectra  at  300K  for  Si:H  and  Si:D  samples  implanted  by  H*  and  D*  ions. 


Figure  2  shows  the  main  Si-Fl  bond-stretching  and  bond-bending  bands  annealing  behavior  derived 
from  the  spectra  measured  at  300K.  It  is  seen  good  correlation  for  bands  at  634  cm''  with  2211  cm"', 
at  668  cm'*  with  a  doublet  at  2161  cm''  and  2184  cm'*  (weak  band),  at  694  cm'*  and  588  cm'*  with  a 
doublet  at  2104cm''  and  2120  cm'*.  The  610,  718  and  750  cm'*  bond-bending  bands  show  no  direct 
correlation  with  any  separate  Si-H  bond-stretching  band.  However  there  are  plain  correlation 
between  the  610  cm'*  band  and  the  summarized  intensities  of  the  2161,  2120,  2104  and  2067  cm'* 
bands  as  well  as  between  the  doublet  at  718  and  750  cm''  and  the  summarized  intensities  of  the  1950 
and  1960  cm'*  bands. 

Thus,  the  annealing  behavior  data  allow  to  separate  the  following  groups  of  both  bond-bending  and 
bond-stretching  Si-H  local  vibrational  modes: 

a)  2211  cm'*  and  634  cm'*, 

b)  2 1 6 1 ,  2 1 84  cm'*  and  ~6 1 0,  668  cm  ', 

c)  2104,  2120  cm'*  and  -610,  694,  588  cm'*, 

d)  1950  cm'*  and  718,  750  cm'*, 

e)  1960  cm'' and  718,  750  cm''. 


Z  Abs(2l6l,2l20,  .  '  S  Abs(l960, 1 950) 

?  1 04 
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Figure  2.  Annealing  behavior  of  the  main  Si-H  bond-bending  and  bond-stretching  bands 
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Discussion. 

In  [6]  we  performed  isotope  study  of  the  Si:H  spectrum  in  the  1900-2250  cm"'  bond-stretching  range 
and  found  a  difference  in  the  temperature  dependence  of  an  anharmonicity  between  the  bands  lying 
above  and  below  2000  cm"'.  This  allowed  us  to  identify  the  bands  above  2000  cm'‘  with  vacancy- 
type  centers  and  the  bands  below  2000  cm"'  predominantly  with  interstitial-type  centers.  The  same 
trend  was  also  shown  in  other  works  both  theoretically  [7-9]  and  experimentally  [10-12], 

In  [10]  we  showed  that  the  most  intensive  Si-H  bond-stretching  bands  in  the  2000-2250  cm  ’  range 
are  related  to  the  H-decorated  intrinsic  vacancy  (V)  and  divacancy  (V2).  The  assignment  was  as 
follow:  VH4  -  221 1  cm'‘,  V2H6  -  the  doublet  at  2184  and  2161  cm‘‘,  V2H4  -  the  doublet  at  2104  and 
2120  cm”',  V2H2  -  the  2067  cm"'. 

Thus  the  data  on  annealing  behavior  correlation  between  bond-bending  and  bond-stretching  Si-H 
bands  illustrated  in  Fig.  2  lead  us  to  assumption  that  bond-bending  Si-H  bands  are  split  into  two 
separated  groups  related  to  vacancy-type  and  interstitial-type  centers  as  in  the  case  of  the  bond¬ 
stretching  Si-H  bands:  the  bands  in  the  range  580-690  cm  ’  may  be  assigned  to  the  vacancy-type 
centers  and  the  bands  in  the  range  710-780  cm'’  may  be  assigned  to  the  interstitial-type  centers. 

Figures  3(a)  and  3(b)  show  Si-H  bond  structure  in  the  vicinity  of  V  and  V2.  Because  of  Si-H  bonds 
may  be  considered  as  dipoles  with  a  small  negative  charge  of —(0.2-0. 3)e'  at  the  H  atoms  [13]  the 
doublet  structure  of  some  Si-H  bond-stretching  bands  indicates  that  there  is  a  large  resonance  Si-H 
dipole  interaction,  sufficient  to  consider  VH„  and  V2Hm  (n=l,..,4;  m=l,..,6)  as  "quasi-molecules". 
This  allows  to  analyze  the  vibrational  properties  of  various  H-vacancy  complexes  using  a  group 
theory.  The  results  of  this  analysis  for  VH„  are  given  in  Table  1. 


W/  aai  +  aa2+aa3  =  0 
VH2  aal  +  aa2+Otdl  +  ad2+Pad=0 
VH^  Ctal  +  Otal  +  Oldl  +  Pac  "r  Pad"!"  Pcd  ^ 
Pab+ Pac  +  Pad+ Pbc+ Pbd+ Pcd=0 


IWe  Pab+  Pac + Pbc  +  Ya  +  Yb  +  Tc  “0 

Pde+  Pdf  +  Pef  +  Yd  +  Ye  +  Yf  =  0 


(a) 


(b) 


Figure  3.  H-decorated  Si-bonds  in  the  vicinity  of  intrinsic  vacancy-related  defects  in  c-Si. 


It  is  seen  in  Fig.  3(a)  and  3(b)  that  the  distances  between  Si-H  bonds  located  around  two  neighboring 
vacant  sites  are  about  twice  in  comparison  with  those  for  Si-H  bonds  located  around  one  and  the 
same  vacant  site.  Hence  the  Si-H  dipole  Interaction  around  a  vacant  site  must  be  about  one  order 
greater  than  in  the  case  of  two  neighboring  vacant  sites.  Therefore  the  assumption  is  that  V2Hm  may 
be  considered  as  a  weak  VHs  ©  VHt  (s,t=0, 1,2,3)  pair,  the  vibrational  properties  of  which  are  similar 
to  those  of  VHn.  Indeed  a  trigonal  character  of  the  doublet  at  2161  and  2184  cm’’  related  to  V2H6 
[10]  was  observed  in  uniaxial  stress  experiments  [14], 
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Table  1 .  IR  active  Si-H  local  vibrational  modes  in  the  vicinity  of  a  vacancy  in  c-Si. 


Symmetry 

Td 

C 

3v 

C2V 

Cs 

Center 

VH4 

VH3 

VH 

VH2 

VH 

Bond-stretching  modes 

F2 

A] 

Ai 

A' 

B, 

Bond-bending  modes 

F2 

19 

E 

Ai 

A' 

B, 

A" 

■H 

B2 

In  [12]  the  doublet  at  2161  and  2184  cm"’  was  assigned  to  VHj.  VH3  has  a  dangling  bond  and, 
therefore,  it  is  a  deep  acceptor-like  center.  In  [1 1]  we  argued  that  in  Si:H  the  complexes  with  even 
number  of  H  atoms  predominate  owing  to  the  effective  interactions  of  with  acceptor-type 
complexes  containing  odd  number  of  H  atoms.  Hence  the  correlation  in  behavior  of  the  2161  and 
2184  cm  '  doublet  and  the  2210  cm"'  band  related  to  VH4  must  be  observed.  However  no  dose  and 
annealing  behavior  data  were  found  to  support  this  assumption. 

The  group  theory  analysis  (Table  1)  predicts  the  following  vibrational  modes  for  various  vacancy-H 
complexes: 

a)  1  bond-stretching  and  1  bond-bending  modes  -  for  VH4; 

b)  2  bond-stretching  and  3  bond-bending  modes  -  for  VH.3  and  V2H6  (as  VH3  ©  VH3); 

c)  2  bond-stretching  and  3  bond-bending  modes  -  for  VH2  and  V2H4  (as  VH2  ©  VH2). 

In  the  last  case  the  VH3  ©  VHi  pair  is  also  available  One  can  see  a  good  conformity  of  the 

experimental  data  (Fig. 2)  with  the  predictions.  The  closed  frequencies  of  some  bond-bending  Si-H 
modes  may  be  explained  by  similar  structure  of  the  VH„-like  weak-bonded  units  in  the  VHs  ®  VHi 
complexes. 

Let's  now  consider  the  possible  configurations  for  H-decorated  self-interstitial  complexes. 

According  to  [15]  self-interstitial  Sii  atom  is  very  mobile  even  at  very  low  temperatures  and  up  to 
now  it  was  not  directly  observed.  One  of  possible  configuration  of  this  defect  is  a  <001>  Si 
interstitialsy  proposed  in  [16].  The  self-interstitials  were  observed  experimentally  as  complexes 
including  several  Si;  atoms.  Those  are  Si-B3  <00 1>  split  interstitial  [16],  Si-A5  two  <00 1>  split 
interstitial  [17]  and  S-P6  di-interstitial  [18]  centers.  Tentative  configurations  of  the  Si-B3  and  Si-A5 
centers  [16,17]  may  be  considered  as  consisting  of  two  structural  units  similar  to  the  Si  interstitialsy. 

The  <00 1>  Si  interstitialsy  (here  we  refer  it  as  the  I-center)  may  be  stabilized  by  two  H  atoms  with 
the  formation  of  the  IH2  center  (Fig.  4(a)).  It  was  suggested  for  the  first  time  in  [19]  where  the  IR 
spectra  of  Si  crystals  grown  in  hydrogen  atmosphere  were  studied.  Figures  4(b)-4(d)  show  similar 
tentative  configurations  for  H-decorated  Si-P6,  Si-B3  and  Si-A5  centers,  respectively. 

The  IH2  center  has  a  <100>  C2-symmetry,  As  in  the  case  of  above  discussed  vacancy-type  centers 
the  IH2  vibrational  properties  are  determined  by  two  Si-H  dipoles  which  may  be  considered  as  a 
Si2H2  "quasi-molecule"  with  the  <100>  C2-symmetry.  So  according  to  the  group  theory  it  is 
expected  that  a  self-interstitial  complex  consisting  of  one  or  more  Si2H2  structures  has  at  least  two 
Si-H  bond-stretching  A  -t  B  modes  and  three  Si-H  bond-bending  A  +  2  B  modes.  Indeed  we  have 
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observed  a  doublet  bond-bending  Si-H  bands  at  718  and  750  cm'*  and  the  additional  splitting  of  the 
1950  and  1960  cm‘‘  Si-H  bond-stretching  bands  appeared  due  to  the  decreasing  of  measurement 
temperature  up  to  80  K.  Then  as  in  the  case  of  vacancy-type  centers  the  good  conformity  of  the 
experimental  data  (Fig.2)  with  the  theoretical  predictions  is  seen. 


In  ,Vb, 


111, 


cf"'  \Kp 


a 


o 


(d) 


Figure  4.  Tentative  configurations  for  H-decorated  self-interstitials  in  c-Si, 


It  is  seen  in  Fig.  4(c)  and  4(d)  that  the  tentative  configurations  of  the  H-decorated  Si-B3  and  Si-A5 
centers  consist  of  the  Si2H2  "quasi-molecules"  like  the  IH2  center.  So  the  vibrational  properties  of  all 
these  three  centers  are  expected  to  be  nearly  closed  to  each  other.  Indeed  it  is  necessary  to  note  that 
the  frequencies  of  two  groups  of  the  Si-H  bond-stretching  and  bond-bending  bands  at  1950,  718  and 
750  cm'‘  as  well  as  1960,  718  and  750  cm''  bands  are  well  closed  to  the  frequencies  of  the  bands  at 
1946,  791  and  812  cm''  which  were  tentatively  assigned  in  [19]  to  the  IH2  center.  Taking  into 
account  the  temperature  stability  of  the  self-interstitial  complexes  [16,17]  the  bands  at  1950  and 
1960  cm''  may  be  tentatively  assigned  to  the  H-decorated  Si-A5  and  Si-B3  centers,  respectively. 
Figure  2  shows  that  the  centers  connected  with  the  1950  and  1960  cm''  bands  are  more  stable  than 
the  Si-A5  and  Si-B3  centers  disappeared  near  HOV  [17]  and  500'’C  [16],  respectively.  This  is 
apparently  a  general  feature  because  the  same  trend  is  characteristic  of  the  vacancy-type  VH4  and 
V2H6  centers. 

Conclusions. 

The  data  presented  show  direct  correlation  between  the  Si-H  bond-stretching  and  bond-bending  IR 
absorption  bands  and  lead  to  conclusion  that  the  Si-H  bond-bending  bands  related  to  vacancy-type 
and  interstitial-type  centers  are  located  separately  in  different  spectral  ranges  as  in  the  case  of  Si-H 
bond-stretching  bands. 

The  data  allow  also  to  propose  some  tentative  assignments  of  the  Si-H  bond-stretching  and  bond¬ 
bending  modes  to  H-decorated  vacancy-type  and  interstitial-type  centers.  Additional  studies  are 
needed  to  support  the  assignments. 
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OPTICAL  ABSORPTION  DUE  TO  HYDROGEN  BOUND  TO  INTERSTITIAL  Si 
IN  Si  CRYSTAL  GROWN  IN  HYDROGEN  ATMOSPHERE 
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Abstract.  We  studied  optical  absorption  spectrum  of  Si  crystal  grown  in  a  hydrogen  ambient. 
Specimens  were  grown  by  the  floating-zone  grown  method  in  hydrogen  atmosphere  of  1  atm. 
Optical  absorption  spectra  of  those  specimens  were  measured  at  6  K.  Many  optical  absorption  lines 
were  observed  in  the  range  of  1900  to  2200  cm"'.  They  were  observed  only  when  the 
concentrations  of  carbon  or  boron  were  high.  To  understand  these  results,  we  refered  a  report 
according  to  which  so-called  A-type  swirl,  an  interstitial  type  dislocation  loop,  was  observed  when 
impurities  of  smaller  covalent  radius  than  that  of  Si  were  doped.  Hence  we  concluded  that  the 
above  optical  absorption  lines  were  due  to  localized  vibration  of  hydrogen  atoms  bound  to 
interstitial  Si  atoms. 

Introduction. 

We  studied  optical  absorption  spectra  of  Si  crystals  grown  in  hydrogen  atmosphere  and  concluded 
that  many  optical  absorption  Lines  observed  at  around  2000  cm' '  were  due  to  localized  vibration 
modes  of  hydrogen  atoms  bound  to  interstitial  Si  atoms. 

In  this  section,  we  briely  reviewed  studies  on  point  defects  existed  at  high  temperature  in  Si  and 
then  studies  on  defects  in  Si  grown  in  hydrogen  atmosphere.  Point  defects  existed  at  high 
temperature  in  Si  crystals  are  responsible  for  the  self-diffusion  and  diffusion  of  substitutional 
impurities.  Moreover,  they  are  recently  known  to  generate  so-called  secondary  defects,  for 
example,  A-swirl,  D-swirl  and  negative  crystals,  which  existed  in  as-grown  Si  crystals[l].  They 
disturbe  the  uniformity  of  electrical  properties  of  wafers.  Consequently  they  are  harmful  for 
integrated  circuits.  Hence  many  reports  have  been  published  to  explain  the  generation  processes  of 
the  secondary  defects  from  vacancies  (Vsi)  and  interstitiaIs(lsi)[2-6]. 

However,  little  is  known  on  the  properties  of  such  defects  at  high  temperatures  since  it  is  difficult 
to  study  them.  We  therefore  think  that  it  is  stiU  important  to  investigate  their  high  temperature 
properties,  such  as  the  equilibrium  concentration,  the  formation  energy  and  the  migration  energy. 
There  are  only  a  small  number  of  papers  on  the  point  defects  in  Si  at  thermal  equilibrium  at  high 
temperatures.  Dannefaer  et  al.[7]  studied  point  defect  in  Si  at  high  temperature  with  the 
measurement  of  positron  life  time  which  was  sensitive  to  vacancy-type  defects.  They  determined 
the  formation  energy  of  vacancy  to  be  3.6  ±0.2  eV.  However  Seeger's  group[8]  and  Lynn's 
group  [9]  did  not  detect  vacancies  with  positron  annihilation  method.  Okada  measured  lattice 
constants  at  high  temperatures.  Combining  his  data  with  Okaji's  data  on  the  temperature 
dependence  of  specimen  length,  Okada[10]  concluded  that  the  concentration  of  Vsi  was  higher  than 
that  of  Isi.  He  did  not  determine  the  formation  energy  of  vacancy  since  the  temperature  dependence 
of  the  concentration  of  (Vsi-Isi)  was  not  simple.  Comparing  Dannefaer  et  al.'s  result  with  Okada's 
one,  we  noticed  a  peculiar  feature  that  the  concentration  of  Vsi  determined  by  Dannefaer  et  al.  was 
smaller  than  that  of  Vsi-Isi  determined  by  Okada. 
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There  seems  another  way  to  study  point  defects  existed  at  high  temperature,  namely,  the  study  of 
optical  absorption  lines  in  Si  crystals  grown  in  hydrogen  atmosphere  since  they  coincided  with 
those  observed  in  proton-implanted  crystals.  This  strongly  suggests  that  those  lines  are  related  to 
hydrogen  bound  to  isolated  point  defects,  such  as  Vsi  and  Isi.  It  is  still  open  question  whether  the 
point  defect  is  Vsi  or  Isi.  Some  researchers  claimed  that  the  defect  was  Isi.  Shi  et  al.[ll],  for 
example,  proposed  that  point  defect  was  Isi,  and  claimed  that  the  concentration  of  Isi  was  larger 
than  that  of  Vsi  at  thermal  equilibrium.  On  the  other  hand,  Xie  et  al.[12]  proposed  that  the  point 
defect  responsible  for  the  above  optical  absorption  lines  was  vacancy.  Recently,  Bech  Nielsen  et  al. 
[13]  studied  optical  absorption  spectra  of  Si  after  H+  implantation  from  both  of  experimental  and 
theoretical  view  points  and  concluded  that  the  point  defect  was  Vsi. 

As  shown  in  the  above,  there  is  still  controversy  about  the  defect  responsible  for  the  above  optical 
absorption  lines.  Even  so  (or  therefore),  it  is  interesting  for  us  to  study  optical  absorption  spectra 
of  Si  crystals  grown  in  hydrogen  atmosphere  since  it  seems  possible  to  know  the  point  defects 
existed  at  high  temperatures  from  such  a  study  as  discussed  already.  One  peculiar  point  is  as 
follows:  From  the  study  on  the  defects  generated  due  to  irradiation  of  high  energy  electrons  at  low 
temperature,  Vsi  and  Isi  are  known  to  have  very  high  diffusion  rates  and  therefore  they  seem  to  be 
impossible  to  be  detected  in  the  as-grown  crystal. 

We  measured  the  optical  absorption  spectra  of  Si  crystal  grown  in  hydrogen  atmosphere, 
concentrating  on  the  effect  of  dopants  on  the  spectra.  From  the  effect  of  dopants,  we  concluded  that 
the  observed  optical  absortion  spectra  were  due  to  hydrogen  bound  to  Isi. 


Experimental. 

Specimens  were  grown  in  hydrogen 
atmosphere  of  1  atm.  with  the  floating-zone 
grown  method  using  a  high-frequency 
induction  coil  for  zone-melting.  Starting 
materials  were  phosphorus-doped  (5x10*2, 

2.4x10*5  cm-3)  and  boron-doped  (1.5x10*® 
cm'5)  Si  crystals  grown  by  the  floating-zone 
grown  method.  In  the  case  of  heating  of  a  Si 
crystal  by  the  induction  coil,  we  need  to 
pre-heat  the  crystal.  We  adopted  three  methods 
as  shown  in  Fig.  1.  In  the  case  of  (b)  and  (c) 
in  Fig.  1,  we  heated  the  split-type  carbon 
sheath  which  was  removed  after  the  crystal  temperature  became  high  enough  to  be  heated  by  the 
induction  coil.  In  the  case  of  (a),  the  crystal  was  heated  by  the  carbon  chuck  which  was  heated  by 
the  induction  coil.  The  growth  velocity  was  mainly  0.2  mm/min.  The  diameter  of  specimens  was 
about  12  mm  in  most  cases. 

Optical  absorption  spectra  of  specimens  were  measured  at  6  K  with  an  FT-IR  equipment.  The 
thickness  of  specimen  was  about  6  mm  and  the  resolution  was  0.25  cm-'. 


Fig.  1  Methods  of  pre-heating  of  specimens. 


Results. 

Figure  2  displays  an  optical  absorption  spectrum  of  n-type  specimen.  Those  peaks  were  found  also 
in  proton-implanted  specimens  as  will  be  shown  in  Fig.  3.  Hence,  these  peak  are  thought  to  be 
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related  to  vibration  of  hydrogen  atom 
bound  to  an  isolated  point  defect.  Among 
several  peaks,  a  sharp  peak  at  about  2223 
cm'*  has  been  studied  extensively.  Bech 
Nielsen  et  al.[14],  for  example,  determined 
the  symmetry  of  defect  responsible  for  this 
peak  with  the  measurement  of  response  of 
this  peak  for  uniaxial  stresses. 

Figure  3  shows  a  summary  of  absorption 
peaks  observed  in  specimens  grown  in 
hydrogen  atmosphere  and  proton- 
implanted  specimens.  Cui  et  al.[15] 
observed  those  peaks  at  room  temperature. 
If  we  consider  the  temperature  dependence 
of  peak  positions,  many  of  their  peak 
positions  coincided  with  ours.  Some  of  the 
peak  positions  in  the  crystal 
grown  in  hydrogen 
atmosphere  coincide  with 
those  of  proton-implanted 
ones.  Hence  we  concluded 
that  many  defects  in  the 
as-grown  crystal  were  the 
same  as  those  of  proton- 
implanted  ones,  namely, 
hydrogen  atoms  bound  to 
isolated  point  defects. 

Interesting  point  of  our  results 
was  the  effects  of  impurities. 

At  first,  the  above  absorption 
peaks  were  observed  when  we 


Wavenumber  (cm-i) 

Fig.  2  Optical  absorption  spectrum  of  a  specimen 
grown  in  hydrogen  atmosphere  with  a  growth 
velocity  of  0.2  mm/min. 


Fig.  3  Comparison  of  peak  positions  measured  by  various 
authors.  1)~3):  proton-implanted,  4)&5):  grown  in  hydrogen 
atmosphere,  5):  present  work. 


used  (a)  or  (c)  in  Fig.  1  for  pre-heating  the  crystals.  Those  crystals  included  high  concentration  of 
carbon,  about  5x10*®  cm'^.  The  surfaces  of  carbon  chucks  of  (a)  and  (c)  were  slightly  whitish, 
suggesting  reaction  of  them  with  residual  oxygen.  Hence  carbon  was  probably  doped  to  crystals 
because  of  CO  gas  coming  from  those  chucks.  We  did  not  observe  the  spectrum  of  Fig.  2  when  we 
used  (b)  in  Fig.  1  for  pre-heating  the  crystal.  The  grown  crystal  with  the  use  of  (b)  in  Fig.  1 
included  only  a  small  amount  of  carbon.  We  therefore  thought  that  there  might  be  an  impurity  effect 
for  the  appearance  of  absorption  peaks  in  Fig.  2.  In  this  context,  we  reminded  Abe's  study  on  the 
effect  of  impurity  for  the  generation  of  swirls[16].  He  observed  A-swirl,  agglomerates  of  Isi,  and 
D-swirl,  agglomerates  of  Vsi,  when  he  doped  impurities  of  smaller  covalent  radii  and  larger  ones 
than  that  of  Si,  respectively. 

We  therefore  examined  the  effect  of  impurity  for  the  appearance  of  the  spectrum  of  Fig.  2.  We 
grew  crystal  from  p-type  Si  doped  with  about  1.5x10*  ®cm'^  boron  atoms  which  have  smaller 
covalent  radius  than  that  of  Si.  We  observed  the  same  spectrum  as  that  of  Fig.  2  with  slightly 
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weaker  intensity.  When  we  doped  Sn  about  5xl0**cm-3  during  crystal  growth  with  (a)  in  Fig.  1, 
we  did  not  observe  the  spectrum  in  Fig.  2.  As  Sn  has  larger  covalent  radius  than  that  of  Si, 
vacancies  generated  by  doping  Sn  probably  over-compensated  Isi  generated  by  C  doping.  In 
summing  up  the  above  results,  we  concluded  that  the  optical  absorption  peaks  observed  around 
2000  cm-  ’  were  due  to  localized  vibration  of  hydrogen  atoms  bound  to  Isi. 

Discussion. 

In  the  following,  we  discuss  about  the  effect  of  impurity  for  the  formation  energy  of  Isi.  Abe's 
results  strongly  suggested  that  the  dominant  point  defects  at  high  temperatures  depended  on  the 
doped  impurity.  He  qualitatively  explained  his  results  by  assuming  elastic  interaction  between 
impurity  and  point  defect  such  as  Vsi  and  Isi.  We  slightly  extend  his  explanation  as  follows. 

First,  we  discuss  about  the  heat  of  solution  of  interstitial  impurity  in  Si.  If  the  impurity  is  Si,  it  is 
interstitial  Si,  Isi.  The  reason  for  this  discussion  is  that  the  covalent  radius  of  substitutional 
impurity  affects  the  volume  of  interstitial  site  and  hence  may  affect  the  formation  energy  (Ef)  of  Isi. 
From  the  dependence  of  the  heat  of  solution  of  interstitial  impurity,  we  can  probably  evaluate  the 
effect  of  volume  of  interstitial  site  on  Ef. 

We  assume  that  the  heat  of  solution  (E.  This  is  Ef  when  the  impurity  is  Si.)  is  composed  of  two 
terms,  namely,  contributions  from  the  chemical  energy  (Echem.)  and  the  elasic  energy  (Eelas.).  We 
also  assume  that  the  elastic  energy  is  proportional  to  the  square  of  a  misfit  e  defined  by  Eq.  1, 
e  =(R-Ro)/Ro  (1) 


,  where  R  and  Rq  are  the  atomic  radius  of  impurity  and  the  covalent  radius  of  Si,  respectively. 


Fig.  4  Relation  between  the  heat  of  solutions  of  interstitial  impurities  and  their  misfits. 

Consequently  the  heat  of  solution  is  given  by  Eq.  2  ; 

E  =  Echem.  -t-  STtps^Ro^  (2) 

,  where  (t  is  the  shear  modulus.  To  check  the  validity  of  the  above  assumptions,  we  plotted  the  heat 
of  solution  of  interstitial  impurity  in  Si  as  the  function  of  as  shown  in  Figs.  4(a)  and  (b). 
Metallic  interstitial  impurities  in  Si  were  known  to  be  classified  in  two  groups  as  shown  in  Fig.  4. 
From  the  proportional  coefficient  of  Figs.  4(a)  and  (b),  we  estimated  p..  In  the  case  of  Fig.  4(a),  it 
was  about  1.6  times  larger  than  that  of  Si.  In  the  case  of  Fig.  4(b),  on  the  other  hand,  it  was  about 
9  times  larger  than  that  of  Si.  The  former  result  seems  to  support  the  above  assumptions.  In  the 
latter  case,  the  discrepancy  between  the  estimated  value  and  the  expected  value,  i.e.,  the  shear 
modulus  of  Si,  is  very  large.  We  think  that  there  is  some  mechanism  to  enlarge  the  apparent  shear 
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modulus  in  the  case  of  impurities  plotted  in  Fig.  4(b)  since  the  above  assumptions  (Eq.(2))  seems 
to  be  realized  in  Fig.  4(a).  We  need  more  consideration  to  explain  the  above  discrepancy. 

A  smaller  covalent  radius  of  substitutional  impurity  is  probably  equivalent  to  a  larger  volume  of 
interstitial  site,  and  consequently  smaller  misfits  for  interstitial  impurities.  According  to  Fig.  4(b), 
if  the  volume  of  interstitial  site  is  2  %  larger  than  the  ordinary  one  near  a  smaller  substitutional 
impurity,  the  effective  volume  at  neighboring  interstitial  site  becomes  large  and  the  formation 
energy  of  interstitial  atom  decreases  by  about  1  eV.  Such  a  large  reduction  of  formation  energy  of 
interstitial  (Isi)  probably  explain  the  observed  result.  Such  Isi  probably  has  a  high  diffusion  rate, 
but  becomes  immobile  by  making  pair  or  complex  with  hydrogen  atoms  after  crystal  growth  in 
hydrogen  atmosphere. 

From  the  above  experimental  results,  we  can  conclude  that  the  concentration  of  thermal  Isi  in  high 
purity  Si  is  smaller  than  that  in  Si  doped  with  1 .5x10*  ®cm-3  boron  atoms. 

The  reason  for  the  existence  of  many  peaks  is  probably  due  to  various  number  of  hydrogen  atoms 
bound  to  interstitial  Si  atoms.  To  clarify  this  experimentally,  we  need  to  study  on  Si  grown  in 
deuterium  atmsophere  and  a  mixed  gas  of  hydrogen  and  deuterium. 

Conclusions. 

We  studied  optical  absorption  spectra  of  Si  crystals  grown  in  hydrogen  atmosphere  and  obtained 
following  conclusions. 

Several  optical  absorption  peaks  were  observed  at  around  2000  cm-1  in  the  above  crystals.  They 
coincided  well  with  the  previous  studies  on  similar  crystals  and  also  those  observed  in 
proton-implanted  crystals.  In  our  case,  they  were  observed  only  when  carbon  contamination 
occurred  or  boron  concentration  was  high.  When  tin  was  doped,  the  above  optical  absorption 
peaks  were  not  observed  even  when  the  carbon  concentration  was  high.  According  to  the  above 
experimental  results,  we  interpreted  that  the  above  absorption  peaks  were  related  to  hydrogen 
bound  to  interstitial  Si  atoms,  not  to  vacancies. 
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Abstract.  We  have  investigated  trapping  sites  for  Hz  in  crystalline  Si  by  examining  the  effect  of 
crystal  disorder  on  the  formation  of  Hz  and  by  performing  ab  initio  ealculation.  Raman 
measurements  have  been  carried  out  on  crystalline,  microcrystalline  and  amorphous  Si  treated  with 
atomic  hydrogen.  A  vibrational  line  of  Hz  has  been  observed  in  crystalline  and  microcrystalline  Si 
after  hydrogen  atom  treatment,  and  the  intensity  in  microcrystalline  is  one  fifth  of  that  observed  in 
crystalline  Si.  No  Raman  signal  due  to  hydrogen  molecule  has  been  observed  in  amorphous  Si.  The 
results  imply  that  Hz  is  trapped  in  non-damaged,  well-ordered  bulk  crystal.  Ab  initio  calculations 
using  SiioHie  cluster  to  simulate  Si  crystal  indicate  that  Hz  is  most  stable  at  the  tetrahedral  site  with  a 
vibrational  frequency  quite  close  to  that  observed  for  Hz  in  crystalline  Si. 


Introduction. 

Hydrogen  introduced  in  semiconductors  form  complexes  with  other  impurities  and  crystal  defects.  It 
terminates  the  surface  and  dislocations  [1,2],  passivates  donor/acceptor  dopants  [1,3],  and  forms 
platelets  [4,5]  and  non-molecular  diatomic  hydrogen  complex  Hz*  [6],  depending  on  the  substrate 
temperature  during  hydrogenation.  Theoretical  calculation  predicted  that  molecular  hydrogen  (Hz)  is 
stable  in  the  tetrahedral  sites  in  crystalline  Si  [7-10],  w'hile  from  experimental  studies  the  formation  of 
the  interstitial  molecular  hydrogen  was  inferred  only  indirectly  [11-13].  Recently  we  presented  the 
first  direct  observation  of  Hz  in  crystalline  Si  after  hydrogen  atom  treatment  by  using  Raman 
scattering  spectroscopy  [14-17].  A  most  plausible  trapping  site  for  hydrogen  molecule  is  the 
tetrahedral  site  of  Si  crystal,  which  was  predicted  by  the  theoretical  calculations. 

Infrared  (IR)  absorption  study  showed  that  hydrogen  injected  into  defective  silicon  gathers  and 
terminates  void  surfaces  by  forming  Si-H  bonds  more  favorably  than  Hz  formation  in  voids  [2].  On 
the  other  hand,  molecular  hydrogen  in  microbubbles  was  observed  in  heavily  hydrogenated 
amorphous  Si  using  nuclear  magnetic  resonance  (NMR)  [18]  and  IR  absorption  [19].  The  molecular 
hydrogen  in  microbubbles  is  under  such  high  pressure  as  2000  atm  that  enables  the  detection  by 
means  of  IR  absorption.  It  is  also  known  that  implantation  of  hydrogen  or  deuterium  ions  leads  to  a 
formation  of  bubbles  in  crystalline  materials  such  as  metals  and  alloys  [20,21]. 

Thus,  to  elucidate  the  trapping  site  of  Hz  in  crystalline  Si,  we  have  to  examine  if  hydrogen  molecules 
are  trapped  in  defects,  dislocations  or  voids  that  might  be  formed  during  hydrogenation.  In  the 
present  study  we  have  investigated  the  trapping  site  of  Hz  in  crystalline  Si  both  in  experimental  and 
theoretical  aspects.  We  have  examined  the  effect  of  crystal  defects  by  treating  crystalline, 
microciy'Stalline  and  amorphous  Si  with  atomic  hydrogen  under  the  same  condition  and  comparing 
the  formation  of  Hz  using  Raman  measurements.  Hydrogen  has  also  been  introduced  in  crystalline 
silicon  by  means  of  hydrogen  ion  implantation  to  check  the  formation  of  hydrogen  bubbles. 
Potentials  of  Hz  in  the  silicon  clusters  (SiioHie)  have  been  calculated  using  the  ab  initio  Hartree-Fock 
method,  and  the  vibrational  frequency  of  Hz  has  been  compared  with  the  experiment. 


Experimental. 

p-type  [100]  floating-zone  Si  wafers  were  used  as  crystalline  Si  (c-Si)  samples.  Microcrystalline  Si 
(pc-Si:H)  film  of  thickness  of  760  nm  and  amorphous  Si  (a-Si:H)  film  of  930  nm  were  deposited  on 
glass  substrates  using  plasma  CVD  method.  A  flow  rate  of  1  seem  SH4  was  applied  for  deposition 
of  a-Si:H,  and  1  seem  SH4  was  diluted  with  39  seem  HzO  for  pc-Si:H.  Gas  pressure  of  50  mTorr 
and  substrate  temperature  of  300  °C  were  maintained  during  the  deposition.  The  average  grain  size  of 
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the  (ic-Si:H  sample  was  estimated  to  be  7  nm  from  the  Raman  line  shape  of  optical  phonon  of  Si 

[22].  The  concentration  of  hydrogen  in  |ic-Si:H  and  a-Si:H  films  was  2.9  and  6.4  atm.%  hydrogen, 
respectively.  To  eliminate  the  effect  of  the  hydrogen  a  hydrogen-free  amorphous  Si  (a-Si)  sample 
was  also  made  by  implanting  c-Si  with  40  keV  P+  at  a  dose  of  IxlO^^  cm'^  and  then  with  80  keV  P+ 
at  2x10^^  cm‘^  and  used. 

All  the  Si  samples,  i.e.,  c-Si,  (ic-Si:H,  a-Si:H  and  hydrogen  free  a-Si,  have  been  treated  with  atomic 
hydrogen  in  a  downstream  of  hydrogen  plasma  for  3  hours.  The  samples  were  placed  60  cm  apart 
from  the  plasma  to  suppress  damage  from  activated  species.  The  substrate  temperature  of  the 
samples  was  maintained  at  400  °C  during  the  hydrogen  atom  treatment  (HAT),  for  the  formation  of 
H2  in  c-Si  is  maximum  around  400  °C  [15,16].  The  depth  distribution  of  hydrogen  atoms  in  c-Si 
after  the  HAT  was  obtained  from  secondary  ion  mass  spectrometry  (SIMS)  measurements  to  range  to 
400  nm  from  the  surface,  and  the  areal  density  was  estimated  to  be  about  IxlO^®  cm'^  [16].  Details 
of  the  hydrogen  atom  treatment  have  been  reported  elsewhere  [3]. 

c-Si  was  also  implanted  with  hydrogen  ion  with  an  energy  of  10  keV  and  doses  up  to  lO^J  cm'^  at 
room  temperature  for  introduction  of  both  defects  and  hydrogen.  Thermal  annealing  on  the  implanted 
sample  was  performed  in  an  electronic  furnace  in  an  N2  atmosphere,  accumulatively  at  temperatures 
ranging  300  -  600  °C,  for  20  minutes  at  each  temperature,  to  eheck  the  formation  of  hydrogen 
bubbles. 

Raman  scattering  measurements  were  performed  at  room  temperature  unless  other«'ise  noted.  A  cw 
argon-ion  laser  with  a  wavelength  of  514.5  nm  was  used  as  an  excitation  source,  whose  probe  depth 
is  about  1000  nm  in  c-Si  and  about  100  nm  in  a-Si..  Scattered  light  was  collected  in  a  90° 
configuration,  analyzed  using  a  triple  grating  monochromator  with  a  wavenumber  resolution  of  0.7 
cm'^  and  detected  with  a  spectromctric  multichannel  analyzer.  Raman  spectra  were  measured  for 
Raman  shifts  ranging  from  300  to  4300  cm‘^ 


Computational. 

All  calculations  were  jjcrformed  with  the  GAUSSIAN  94  program  [23].  The  geometrical  structure 
was  computed  at  the  Hartree-Fock  self-consistent  field  level  of  theory  with  basis  sets  3-21G,  6-31G 
and  6-31G**.  Applying  different  basis  sets  caused  very  little  difference  [24],  so  we  present  here 
only  the  result  performed  with  6-31G.  The  Bemy  geometry  optimization  algorithm  was  used. 
Silicon  cluster  (SiioHie)  was  used  to  simulate  Si  crystal  lattice,  where  H  atoms  were  put  to  hold  sp^ 
configurations  of  Si  bonds.  At  first,  the  full  geometry  optimization  was  ^performed  for  the  SiioHie 
cluster  with  initial  parameters  of  the  Si-Si  bond  length  of  Si  crystal  (2.35  A),  the  Si-H  bond  length  of 
silane  molecule  (1.48  A)  and  the  sp^  configuration  [25].  Hz  was  put  inside  the  optimized  SiioHie 
cluster,  and  a  geometry  optimization  was  performed  again  taking  into  account  the  relaxation  of  the 
cluster. 

Results  and  Discussion. 

Figure  1  shows  typical  Raman  spectra  of  c-Si  before  and  after  HAT.  HAT  at  400  C  for  3h  did  not 
affect  the  Raman  line  shape  of  the  optical  phonon  of  Si  at  520  cm’l,  which  is  used  as  a  criterion  of  the 
lattice  disorder  [21].  This  makes  sure  that  cry'Stal  lattice  has  no  significant  macroscopic  disorder  due 
to  HAT.  HAT  introduces  two  distinct  Raman-active  hydrogen-related  defects  in  c-Si;  one  is  H2  that 
gives  rise  to  the  Qi  vibrational  line  at  4158  cm'l  and  the  So(l)  rotational  line  at  590  cm’^  and  the 
other  Si-H  bonds  giving  rise  to  the  stretching  mode  around  2100  cm'^.  The  assignment  of  the  Raman 
lines  was  confirmed  by  isotope  substitution  of  hydrogen  with  deuterium  [14,16]. 

The  Raman  spectrum  of  the  c-Si  sample  after  HAT  was  not  affected  by  chemical  etching  of  the 
surface  layer  up  to  10  nm,  which  might  be  damaged  even  under  the  remote-treatment  with  atomic 
hydrogen.  The  concentrations  of  H2  and  Si-H  were  obtained  from  the  Raman  intensities  after 
successive  chemical  etching.  They  have  peaks  about  80  nm  from  the  surface  and  depth  distribution 
of  about  200  nm,  being  consistent  with  the  depth  profile  of  hydrogen  obtained  from  SIMS 
measurement.  These  suggest  that  H2  is  trapped  in  bulk  crystal  silicon. 
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The  vibrational  line  of  H2  has  a  Raman  shift  quite  close  to  that  of  gaseous  hydrogen,  whereas  the  full 
width  at  half  maximum  is  about  30  crn'l,  much  larger  than  that  of  gaseous  [26]  or  solid  hydrogen 

[27] ,  The  width  is  too  large  to  be  explained  by  high-pressure  gaseous  H2;  the  Raman  width  of  H2  at 
2000  atm,  which  corresponds  to  the  pressure  in  microbubble  in  a-Si:H  [19],  is  no  more  than  3  crn'l 

[28] .  In  addition,  the  broadening  arising  from  high  pressure  H2  should  be  accompanied  by  a 
significant  frequency  shift.  To  examine  the  origin  of  the  remarkably  large  width  of  H2  we  varied  the 
temperature  during  the  Raman  measurement.  The  Raman  spectrum  of  H2  in  c-Si  was  not  affected  by 
lowering  the  measurement  temperature  down  to  90  K,  indicating  the  width  is  not  dominated  by 
colhsional  or  motional  broadening  but  by  some  inhomogeneous  broadening  such  as  different  trapping 
sites  and  onentations  of  H2  in  c-Si  [17].  These  results  support  that  the  hydrogen  molecules  in  c-Si 
are  not  gas  in  bubbles. 


Fig.  1  Typical  Raman  spectra  of  crystalline  Si  (c-Si)  (a)  before  and  (b)  after  hydrogen  atom  treatment 
(HAT)  at  400  "C  for  3h. 
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Fig.  2  Raman  spectra  of  microcrystalline  Si  (|xc-Si:H)  (a)  before  and  (b)  after  HAT  at  400  °C  for  3h. 

Figure  2  shows  typical  Raman  spectra  of  pc-Si:H  before  and  after  HAT.  pc-Si;H  before  HAT 
contains  2.9  atm.%  hydrogen  bonded  to  Si,  which  gives  rise  to  a  broad  Raman  band  of  Si-H 
stretching  around  2000  cm"^  but  no  Raman  signal  due  to  H2  was  observed  before  HAT.  After  HAT 
at  400  °Cfor  3h,  the  vibrational  Qi  Raman  line  of  H2  was  observed.  The  Raman  shift,  4158  cm'^ 
and  the  full  width  at  half  maximum,  31  cm"^,  were  quite  similar  to  those  observed  for  c-Si  after 
HAT,  while  the  intensity  relative  to  that  of  the  optical  phonon  line  of  Si  was  about  1/5  Figure  3 
shows  typical  Raman  spectra  of  fl-Si:H  and  hydrogen  free  a-Si  before  and  after  HAT.  a-Si:H  before 
HAT  contains  6.4  atm.%  hydrogen  with  a  broad  Raman  band  of  Si-H  stretching  around  2000  cm‘l 
but  no  Raman  signal  due  to  H2.  Neither  for  a-Si:H  nor  for  hydrogen-free  a-Si  after  HAT  was 
observed  Raman  line  of  H2  in  the  wavenumber  range  of  4000  -  4300  cm'l.  Figures  2  and  3  imply 
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that  cn'stal  disordcre  in  Si  such  as  defects,  voids  and  dislocations  do  not  play  an  important  role  for 
the  formation  or  trapping  of  H2;  on  the  contrary,  they  impede  the  formation  and/or  trapping  of  H2 
during  HAT.  In  other  words,  H2  is  trapped  stably  only  in  non-defective  bulk  ciy'stal  of  silicon. 
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.  3  Raman  spectra  of  hydrogenated  amorphous  Si  (a-Si:H)  (a)  before  OTd  (b)^er  HAT  at  -WO 
°C  for  3h,  and  Raman  spectra  of  hydrogen-free  amorphous  Si  (a-Si)  (c)  before  and  (d)  after 
HAT  at  400  °C  for  3h. 
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Fig.  4  Raman  spectra  of  c-Si  implanted  with  Fig.  5  Si-H  stretching  Raman  band  in  c-Si 

hydrogen  ions  at  room  temperature  with  an  energy  implanted  with  10^^  cm  ,  10  keV  hydrogen 


of  10  keV  and  a  dose  of  (a)  lO^^  cm’^  and  (b)  ions  (a)  before  anneal  and  after  accumulative 
1 0t^  cm anneal  at  (b)  300  °C,  (c)  350  °C,  (d)  400  °C, 

■  (e)  450  °C,  (f)  500  "C  and  (g)  550°C  for  20  min, 

respectively. 

Figure  4  shows  Raman  spectra  of  c-Si  implanted  with  hydrogen  ions  with  an  energy  of  10  keV  and 
doses  up  to  IxlOl'^  cnj-2  ^er  the  implantation  Raman  band  of  Si-H  stretching  was  observed 
around  2000  crn’l,  but  no  Raman  signal  of  H2  in  the  wavenumber  range  of  4000  -  4300  .  We 

performed  thermal  annealing  on  the  implanted  c-Si  to  check  the  formation  of  bubbles  of  H2.  ^er 
fomacc  annealing  at  300  "Cthe  Raman  band  of  Si-H  stretching  changed  drastically  in  the  line  sh^^^ 
as  shown  in  Fig.  5,  indicating  rearrangement  of  metastable  Si-H  bonds.  Further  aimeal  up  to  600  C 
decreased  the  intensity  of  the  Si-H  stretching  band  due  to  thermal  dissociation  of  Si-H  bonds.  Raman 
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components  at  around  1980  crn'l,  2180  crn'l  and  2120  crn'l  diminished  at  different  annealing 
temperature,  corresponding  to  different  structure  of  Si-H  bonds  (e.g.,  isolated  Si-H,  Hz*,  platelets). 
However,  no  Raman  signal  of  Hz  was  observed  throughout  the  annealing.  The  results  imply  that  the 
formation  of  bubbles  of  Hz  is  negligible  in  silicon  even  after  ion  implantation. 

Potentials  of  hydrogen  molecules  in  the  silicon  clusters  (SiioHie)  were  calculated  using  the  ab  initio 
Hartree-Fock  method.  After  the  geometry  optimization  of  the  cluster  (Hz/SiioHie)  the  Si-Si  bond 
length  was  2.43  A,  3.4%  longer  than  that  of  the  initial  cluster;  the  SiioHie  cluster  was  expanded  by 
insertion  of  Hz.  Figure  6  shows  the  optimized  structure  of  the  Hz/SiioHie  cluster.  Hz  has  minimum 
energy  at  a  tetrahedral  (Td)  interstitial  site  of  the  cluster,  with  the  molecular  axis  oriented  almost  along 
(100)  direction.  At  a  hexagonal  (Hex)  site  Hz  has  an  energy  1.5  eV  higher  than  at  the  Td  site.  The 
difference  iii  the  potential  energy  betw'een  the  Td  and  the  Hex  sites  corresponds  to  the  diffusion 
barrier,  and  is  much  larger  than  the  thermal  energy  of  room  temperature  (~25  meV),  suggesting  that 
Hz  does  not  diffuse  but  is  trapped  stably  in  the  Td  site.  Mulliken  eharge  analysis  showed  that  H2 
was  almost  neutral  (-0.094).  Frequency  analysis  was  performed  for  the  optimized  geometry  of  the 
Hz/SiioHi6  cluster.  The  vibrational  frequency  of  H2  was  calculated  with  a  harmonic  approximation 
and  scaling  factor  [29]  of  0.89,  and  estimated  to  be  4393  cm'^.  The  calculated  vibrational  frequency 
of  Hz  in  the  SiioHie  cluster  represents  reasonably  the  experimentally  obtained  frequency,  4158  cm’l 
for  Hz  in  c-Si  and  pc-Si:H.  The  calculations  support  that  Hz  is  trapped  in  the  Td  site  of  c-Si,  being 
isolated  from  surrounding  Si  atoms,  i.e.,  without  any  signifieant  electronic  interaction.  It  is  noted, 
however,  that  surrounding  Si  atoms  affect  slightly  the  bond  length  Hz  in  the  way  that  the  vibrational 
frequency  varies  by  about  30  cm'^  depending  on  the  molecular  orientation  at  the  Td  site.  The 
variation  of  the  vibrational  frequency  for  different  orientations  might  be  an  origin  of  the  anomalously 

large  width  of  the  vibrational  line  of  Hz  obtained  experimentally  for  c-Si  and  pc-Si:H. 


Fig.  6  The  optimized  structure  of  the  Hz/SiioHm  cluster.  Large  bright  balls  and  small  dark  ones 
represent  Si  and  H  atoms,  respectively.  Hz  has  minimum  energy  at  a  tetrahedral  (Td) 
interstitial  site  of  the  cluster. 


In  conclusion  we  have  treated  crystalline,  microciystalline  and  amorphous  Si  with  atomic  hydrogen 
and  compared  the  formation  of  Hz  using  Raman  spectroscopy.  The  smaller  Raman  signal  of  H2  in 
microcrystalline  compared  with  crystalline  Si  and  the  absence  of  the  Raman  signal  of  Hz  in 
amorphous  Si  suggest  that  Hz  is  formed  and  trapped  not  in  vacancies,  dislocations  or  voids  but  in  an 
interstitial  site  of  non-defective  crystalline  Si.  The  results  of  hydrogen-ion  implantation  on  c-Si  also 
support  this  model.  We  have  also  calculated  the  potential  energy  of  Hz  in  SiioHie  cluster.  The 
calculations  show  that  Hz  is  most  stable  at  the  tetrahedral  site  of  the  cluster  with  a  vibrational 
frequency  quite  close  to  that  observed  for  Hz  in  crystalline  Si  after  hydrogen  atom  treatment.  The 
calculated  results  also  support  that  Hz  observed  in  crystalline  Si  is  trapped  isolated  in  the  tetrahedral 
interstitial  site. 
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Abstract 

We  report  on  a  Raman  spectroscopy  study  of  Ha  molecules  in  crystalline  Si  after  treatment  in  a 
hydrogen  plasma.  Both  P-doped  (n-type)  and  B-doped  (p-type)  Si  having  resistivities  ranging  from 
0.07  to  2000  Qcm  were  investigated.  A  new  Raman  line  at  3629  cm"'  is  attributed  to  the  vibrational 
excitation  of  the  HD  molecule  in  Si.  It  is  found  that  the  formation  and  annealing  characteristics  of 
the  Ha  molecule  in  Si  shows  similar  behaviour  to  that  of  the  SiH  platelets  formed  during  plasma 
treatment.  The  results  strongly  suggest  that  the  Ha  molecules  giving  rise  to  the  measured  Raman  line 
are  located  within  the  voids  created  by  the  platelets. 

Introduction 

Hydrogen  is  an  important  impurity  in  Si  and  has  therefore  been  studied  by  many  groups  in  recent 
years.[l]  The  ability  of  hydrogen  to  passivate  many  electrically  active  impurities  and  defects  in  Si  is 
now  well  documented.  Theoretical  calculations[2-4]  have  predicted  the  formation  of  a  stable 
hydrogen  dimer  in  Si,  either  in  the  form  of  Ha*,  in  which  one  hydrogen  is  in  the  body-centered  (BC) 
position  while  the  other  is  in  the  antibonding  (AB)  position,  or  as  the  Ha  molecule[5],  positioned  at 
or  near  the  interstitial  tetrahedral  (T)  site  within  the  Si  lattice.  Although  many  experimental  results 
(such  as  the  annealing  of  hydrogenated  B-doped  Si[6])  have  been  explained  in  terms  of  the 
formation  of  such  dimer  species,  direct  experimental  evidence  for  their  existence  in  crystalline  Si 
has  proved  to  be  difficult  to  obtain. 

Infrared  (IR)  modes  measured  in  p'*^-implanted  Si  by  Holbech  et  al.  [7]  gave  the  first  evidence  for  the 
presence  of  the  Ha*  defect  in  Si.  The  same  defect  could  be  generated  in  hydrogen-enriched  Si  by 
electron  irradiation. [8]  Very  recently,  Murakami  et  al.[9]  measured  a  Raman  line  at  4158  cm"'  in 
hydrogenated  Si,  which  they  identified  as  the  vibrational  excitation  of  the  isolated  Ha  molecule  in 
Si,  thereby  confirming  the  existence  of  Ha  molecules  within  the  Si  lattice.  At  the  same  time  similar 
Raman  spectroscopy  results  were  reported  for  the  isolated  Ha  molecule  in  hydrogenated  GaAs.[10] 

An  important  question  that  needs  to  be  addressed  has  to  do  with  the  position  within  the  Si  lattice  of 
the  Ha  molecules  giving  rise  to  the  reported  4158  cm''  Raman  signal.  Murakami  et  «/.[!!]  have 
argued  that  the  Raman  signal  they  have  measured  comes  from  the  Ha  molecule  situated  at  or  close 
to  the  T  site.  An  alternative  explanation  would  be  that  the  Ha  signal  comes  from  Ha  molecules 
trapped  within  the  voids  formed  by  the  SiH  platelets.  Transmission  electron  microscopy  (TEM) 
studies  have  indicated  that  the  SiH  platelets,  which  are  formed  near  the  surface  during  the  H-plasma 
treatment  of  the  Si,  contain  a  high  density  of  hydrogen  at  pressures  of  the  order  of  1  GPa.[12] 

In  this  paper  we  have  used  Raman  spectroscopy  to  study  the  formation  of  Ha  in  Si.  We  show  that 
the  Ha  is  at  all  times  associated  with  the  presence  of  SiH  platelets  in  the  Si.  We  have  also  examined 
the  annealing  behaviours  of  both  the  Ha  and  the  SiH  Raman  lines,  in  order  to  give  clarity  to  the 
structure  of  the  Ha  molecule  in  crystalline  Si. 
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Experimental  details 

Float-zone  <  111>  Si  wafers  doped  with  either  phosphorus  (n-type)  or  boron  (p-type)  and  having  a 
range  of  doping  concentrations  (0.07  Qcm  to  2000  Ocm)  were  studied.  Hydrogen  was  introduced 
into  the  wafers  by  exposing  them  to  a  remote  DC  hydrogen  plasma  at  typically  200  °C  for  3  to  8 
hours.  The  hydrogen  pressure  was  held  constant  at  1.5  mbar.  For  some  samples  the  hydrogen 
atmosphere  was  replaced  by  either  deuterium,  or  a  mixture  consisting  of  50:50  H2:D2.  Raman 
measurements  were  performed  at  room  temperature,  using  the  focused  488  nm  line  of  an  Ar-ion 
laser  for  excitation.  The  incident  laser  intensity  was  typically  300  mW.  The  backscattered  Raman 
signal  was  analysed  without  polarisation  using  a  0.3  m  single  grating  spectrometer  and  detected 
with  a  cooled  Si-CCD  detector  array.  Appropriate  holographic  notch  filters  were  used  to  reduce  the 
scattered  laser  light.  The  full  spectral  range  up  to  4500  cm’’  was  investigated. 

Results 

Figure  1  shows  the  Raman  spectra  obtained  after  exposure  of  0.07  Ocm  P-doped  Si  to  the  various 
plasmas.  Curve  (a)  shows  the  Raman  peak  measured  at  4157  cm''  after  exposure  to  a  pure  H2 
plasma.  Using  a  pure  D2  plasma  resulted  in  a  peak  at  2991  cm  '  (curve  (b));  while  the  H2:D2  mixture 
gave  rise  to  the  lines  at  4157  cm  ',  2991  cm''  as  well  as  at  3629  cm''  (curve(c)).  These  three  lines 
are  interpreted  as  vibrational  excitations  of  isolated  H2,  D2,  and  HD  molecules  in  crystalline  Si, 
respectively.  This  is  the  first  report  of  a  Raman  frequency  for  the  HD  molecule  in  crystalline  Si.  The 
ratio  of  the  frequencies  of  the  H2  signal  to  the  D2  signal  is  1 .39,  close  to  the  V2  value  expected  from 
the  isotope  shift.  None  of  these  Raman  lines  were  present  in  the  material  before  hydrogen-plasma 
treatment.  These  spectra  therefore  give  convincing  evidence  for  the  presence  of  H2  molecules  in 
crystalline  Si. 


Figure  1:  Room  temperature  Raman  spectra  of  Si:P,  after  exposure  at  200  °C  for  8  hours  to:  a)  H2 
plasma;  b)  D2  plasma;  and  c)  H2:D2  (50:50)  plasma. 
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Matrix 

H2  (cm'^) 

D2  (cm'*) 

HD  (cm'*) 

FWHM  (cm  *) 

Reference 

Si 

4157  ±2 

2991  ±2 

362912 

25 

this  work 

Si 

4158  ±3 

2990  ±  2 

- 

34 

9 

GaAs 

3934.1 

2842.6 

3446.5 

3.0 

10 

H2  (gas) 

4161.13 

2993.55 

3632.06 

13 

H2  (liquid) 

4153.78 

2987.99 

3623.65 

0.3 

14 

H2  (solid) 

4151.8 

2985.46 

3621.85 

0.4 

14 

Table  1:  Summary  of  the  reported  Raman  frequencies  for  H2.  The  FWHM  values  refer  to  the 
linewidths  of  the  H2  Raman  line. 


The  results  of  Fig.  1  are  summarised  in  Table  1,  together  with  the  values  recently  reported  for  Si[9] 
and  GaAs[10]  and  the  measured  Raman  frequencies  for  H2,  D2  and  HD  molecules  in  the  solid, 
liquid  and  gas  phases. [13, 14]  We  briefly  draw  attention  to  two  points  that  will  be  discussed  further: 
Firstly,  the  Raman  frequencies  for  H2  in  Si  are  seen  to  best  match  the  values  reported  for  gaseous 
H2,  while  those  for  H2  in  GaAs  are  100  -  200  cm  '  lower.  Secondly,  while  the  line-width  of  the  H2 
signal  in  Fig.  1  is  sharper  than  what  was  recently  reported  by  Murakami  et  al.[9],  it  is  still  much 
broader  than  the  value  for  H2  in  GaAs  as  well  as  for  H2  in  the  solid,  liquid  or  gas  phases. 


Figure  2  shows  the  Raman  spectra  measured  for  p- 
type  Si  after  H-plasma  treatment  at  200  °C.  The 
intensities  of  the  H2  Raman  lines  are  essentially  the 
same  for  each  of  the  doping  densities,  and  compare 
well  with  the  Raman  lines  for  n-type  Si  seen  in  Fig. 
1.  It  would  appear  from  these  spectra  that  the 
formation  of  the  H2  molecule  is  as  efficient  in  p- 
type  Si  as  in  n-type  Si.  This  result  is  interesting,  as  it 
is  accepted  that  interstitial  hydrogen  exists  as  in 
p-type  Si,  while  in  n-type  it  is  H°  or  H’‘.  Thus  the 
formation  reactions  for  the  H2  molecule  should  be 
different  in  both  cases. 


Figure  2:  Raman  spectra  of  the  H2  molecule  in  B- 
doped  Si,  for  different  resistivities. 


H, 


Raman  Shift  (cm’’) 


The  influence  of  sample  temperature  during  plasma  treatment  was  also  investigated.  It  is  found  that 
temperatures  as  low  as  75  °C  are  sufficient  for  forming  the  H2  molecule.  At  75  °C  the  Raman  signal 
for  the  H2  molecule  is  small  and  broad.  As  the  temperature  during  plasma  treatment  is  increased,  the 
Raman  signal  becomes  sharp  and  intense,  reaching  a  maximum  at  temperatures  of  200  -  300  °C. 

The  SiH  platelets  that  are  also  formed  during  plasma  treatment  have  a  broad  Raman  band  around 
2100  -  2200  cm''.  Polarised  Raman  measurements[15]  have  indicated  that  the  band  consists  of  two 
or  more  lines,  and  that  the  relative  strengths  of  the  lines  depend  on  the  thermal  history  of  the 
sample.  It  is  important  to  note  that  for  all  the  samples  we  have  investigated,  the  SiH  Raman  signal 
always  accompanies  the  H2  Raman  line.  While  the  capture  cross  sections  for  the  H2  and  SiH  Raman 
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signals  in  Si  have  not  been  determined  and  it  therefore  makes  no  sense  to  compare  absolute 
intensities,  we  have  observed  that  an  intense  SiH  signal  always  accompanies  an  intense  H2  signal. 
These  are  all  indications  that  the  H2  and  the  SiH  platelets  are  in  some  way  related. 

An  important  question  has  to  do  with  the  depth  of  the  H2  molecules  giving  rise  to  the  Raman  line  at 
4157  cm  '.  Based  on  absorption  data  for  488  nm  (the  laser  line)  in  Si[16],  we  estimate  that  the 
excitation  radiation  is  absorbed  within  the  first  250  nm  from  the  surface.  Murakami  et  al.[\\] 
reported  that  after  etching  10  nm  off  the  sample,  the  H2  Raman  line  remained.  They  therefore 
concluded  that  the  H2  molecules  must  be  situated  at  T  sites  within  the  Si  lattice,  deeper  than  the 
plasma-damaged  region  near  the  surface.  They  made  no  mention  however  of  the  Raman  signal  from 
the  SiH  platelets.  It  is  known[15]  that  the  platelets  can  extend  100  -  200  nm  or  more  into  the  Si.  To 
investigate  this  further,  we  have  etched  approximately  50  nm  off  a  H-plasma  treated  sample,  by 
sequentially  boiling  the  Si  in  water  followed  by  rinsing  in  HF.  We  find  that  both  the  SiH  and  the  H2 
Raman  signals  are  reduced,  but  are  still  measurable.  At  a  depth  of  about  25  nm,  both  SiH  and  H2 
signals  are  approximately  85  %  of  the  intensity  measured  from  the  unetched  sample.  This  indicates 
that  the  SiH  platelets  appear  to  extend  into  the  Si  at  least  as  deep  as  the  H2  molecules,  giving  further 
indication  that  they  are  related. 

It  was  noted  that  the  line-width  of  the  H2  Raman  signal  in  Si  is  always  broad,  about  two  orders  of 
magnitude  larger  than  that  of  gaseous  H2.  Murakami  etal.[\\]  have  suggested  that  the  broad  Raman 
line  may  come  from  the  metastabilities  of  hydrogen  molecules  located  at  several  sites  near  the 
tetrahedral  interstitial  site  and  with  several  stable  directions  for  the  molecular  axis,  in  addition  to  the 
interaction  between  hydrogen  molecules  and  Si  lattice  phonons.  Subsequently,  Nakamura  and 
Kitajima[17]  attributed  the  broad  line-width  to  an  orientation  effect  of  H2  at  the  T  site  in  the  Si 
crystal.  In  all  our  spectra  we  have  observed  a  shoulder  on  the  high  energy  side  (around  4129  cm"') 
of  the  H2  Raman  line  (see  Fig.  2),  which  contributes  to  the  broadening.  No  dependence  of  the  line- 
width  on  the  sample  temperature  (from  4  to  300  K)  was  detected.  We  have  been  able  to  resolve  the 
shoulder  by  a  series  of  isochronal  anneals  up  to  500  °C.  Figure  3  shows  some  of  the  Raman  spectra 
after  20  min  anneals  at  increasing  temperatures.  Firstly,  the  SiH  platelets  signal  (fig.  3(a))  is  seen  to 
reduce  intensity  within  this  range.  The  SiH  peak  at  2132  cm”'  moves  to  lower  energies  (21 12  cm’’). 


RAMAN  SHIFT  (cm  ’) 


|_1 

2^4157  cm’’ 


Figure  3:  Raman  spectra  of  a)  SiH  platelets;  and  b)  H2  molecules,  in  H-plasma  treated  Si:P,  after  20 
min  anneals  at  445  and  475  °C. 
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decreasing  in  line-width  at  the  same  time.  Secondly,  the  H2  Raman  signal  (fig.  3(b))  also  decreases 
in  intensity,  with  the  peak  position  at  4157  cm  *  moving  slightly  to  4152  cm"',  while  the  peak  at 
4129  cm"'  (previously  only  visible  as  a  shoulder)  becomes  dominant.  If  the  broad  line- width  was 
simply  caused  by  an  orientation  effect  of  the  H2  molecules  located  at  the  T  site  in  the  Si  lattice,  as 
suggested  by  Nakamura  and  Kitajima[17],  we  would  have  expected  the  two  peaks  (at  4152  cm"'  and 
4129  cm  ')  to  have  reduced  intensity  at  the  same  rate.  This  is  clearly  not  the  case. 


Figure  4:  Normalised  intensities  of  the  SiH  and  the  H2  Raman  signals  in  Si:P,  after  20  min 
isochronal  anneals.  The  solid  line  is  a  fit  to  the  data,  assuming  first-order  kinetics. 


Figure  4  shows  the  integrated  intensities  of  the  SiH  and  the  H2  Raman  signals  as  function  of 
annealing  temperature.  The  data  has  been  normalised  to  the  intensities  measured  immediately  after 
plasma  treatment  at  200  °C.  Both  signals  are  seen  anneal  out  at  approximately  the  same  rate  within 
the  range  400  -  500  °C.  The  fact  that  they  show  the  same  annealing  behaviour  strongly  suggests  that 
the  SiH  platelets  and  the  H2  molecules  are  correlated.  Assuming  that  the  annealing  of  the  SiH  and 
H2  signals  obeys  first-order  kinetics  and  assuming  a  jump  frequency  of  lO'^  s"',  we  obtain  an 
energy  of  2.3  eV  for  the  process.  It  may  be  noted  that  Beyer,[18]  when  measuring  the  effusion  of 
hydrogen  from  a  <  1 1 1>  Si  surface,  calculated  a  free  energy  of  desorption  of  2.2  eV.  As  the  platelets 
break  up  (resulting  in  a  decrease  in  the  SiH  Raman  signal),  the  high  concentration  of  H2  molecules 
will  reduce,  either  by  effusion  from  the  surface,  or  by  diffusing  deeper  into  the  material. 

Finally,  we  discuss  the  actual  Raman  frequency  (4157  cm  ')  measured  for  the  H2  molecule  in  Si.  It 
was  noted  (table  1)  that  the  Raman  frequency  compares  well  with  the  frequency  reported  for 
isolated  H2  molecules  in  the  gaseous  phase.  Assuming  that  the  H2  molecule  was  at  the  T  site  within 
the  Si  lattice,  one  would  expeet  some  perturbation  of  the  molecule  by  the  Si  lattice,  resulting  in  a 
weakening  of  the  molecular  bond  and  a  decrease  in  the  measured  Raman  frequency.  This  is  indeed 
what  is  found  for  GaAs,  where  the  frequency  measured  for  H2  in  the  GaAs  matrix  is  about  100  -  200 
cm  '  lower  than  that  of  gaseous  H2.  The  fact  that  this  frequency  shift  is  not  measured  for  H2 
molecules  in  Si,  argues  in  favour  of  the  molecule  being  located  in  voids  formed  by  the  platelets, 
where  the  H2  is  expected  to  be  present  in  high  densities. 
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To  conclude,  we  have  measured  the  Raman  signal  of  the  H2  molecule  in  crystalline  Si.  We  have 
found  that  it  is  stable  up  to  temperatures  of  400  °C.  The  SiH  platelets  and  the  H2  moleeules  exhibit 
similar  annealing  characteristics.  All  indications  are  that  the  H2  moleeules  are  located  within  the 
voids  formed  by  the  SiH  platelets,  which  are  generated  during  the  H-plasma  treatment. 
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STRUCTURE  AND  CHARGE-STATE-DEPENDENT  INSTABILITY 
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Keywords  :  silicon,  hydrogen,  carbon,  stress,  DLTS 

Abs  tract.  We  have  studied  the  symmetry  and  structure  of  a  hydrogen-carbon  (H-C)  complex  in  Si 
and  the  bonding  nature  of  its  electronic  state  by  means  of  DLTS  technique  under  uniaxial  stress. 
Application  of  <111>  and  <110>  compression  stresses  splitted  the  DLTS  peak  into  two  as  ratios  of 
1:3  and  2:2,  respectively,  which  were  the  ratios  of  the  low-temperature  peak  to  the  high-temperature 
one.  No  splitting  was  observed  under  <100>  stress.  These  results  clearly  indicate  the  trigonal 
symmetry  of  the  H-C  complex  and  the  anti-bonding  nature  of  its  electronic  state,  and  are  consistent 
with  the  previously  proposed  model,  where  hydrogen  occupies  the  bond-centered  site  between 
carbon  and  silicon  atoms.  We  have  studied  the  stability  of  the  complex  by  annealing  with  and  with¬ 
out  reverse  bias  applied  to  the  Schottky  junction.  The  complex  was  unstable  outside  the  depiction 
region,  where  it  was  annihilated  with  an  activation  energy  of  0.7  eV,  while  inside  it  was  relatively 
stable  and  the  activation  energy  was  1.3  eV.  From  these  results,  we  have  concluded  that  the  complex 
becomes  unstable  in  the  neutral  charge  state  by  capturing  an  electron  from  the  conduction  band. 

Introduction. 

It  has  been  established  that  atomic  hydrogen  not  only  passivates  electrically  active  donors  and  accep¬ 
tors  but  also  electrically  activates  neutral  Impurities  like  substitutional  carbon  by  forming  a  hydrogen- 
carbon  (H-C)  complex  [1-5].  It  acts  as  an  electron  trap,  E3,  with  a  donor  level  at  Ec-0.15eV.  We 
have  discovered  that  this  complex  is  stable  at  and  above  room  temperature  in  the  dark  but  is  easily 
dissociated  under  the  illumination  of  band  gap  light  below  room  temperature  [3, 4],  and  have  sug¬ 
gested  that  the  dissociation  occurs  via  so-called  recombination-enhanced  dissociation,  in  which  the 
electronic  energy  released  by  the  electron-hole  recombination  at  the  E3  trap  level  is  converted  into  lo¬ 
cal  vibrational  energy  to  induce  the  atomic  motion  of  hydrogen.  However,  there  is  still  an  alternative 
possibility  that  electronic  excitation  alters  the  charge  state  of  the  H-C  complex  to  induce  substantial 
changes  in  charge  distribution  inside  and  around  the  complex  and  reduces  the  potential  barrier  height 
for  the  dissociation  [5].  Thus,  the  dissociation  mechanism  has  not  been  clear  yet.  In  addition,  there 
has  been  no  experimental  information  available  on  the  atomic  and  electronic  structures  of  the  H-C 
complex,  though  some  theoretical  calculations  indicated  that  the  bond-centered  (BC)  configuration 
where  hydrogen  resides  between  carbon  and  silicon  atoms  is  the  most  stable  structure  [6-8]. 

In  the  present  work,  we  have  applied  DLTS  technique  under  uniaxial  stress  [9]  to  study  the  symmetry 
and  structure  of  the  H-C  complex  and  the  bonding  nature  of  its  electronic  state.  We  have  also  per¬ 
formed  systematic  experiments  on  the  stability  of  the  complex,  and  present  here  data  on  the  activation 
energies  and  frequency  factors  determined  for  the  dissociation  process  under  various  conditions  such 
as  under  illumination,  in  the  dark  and  with  or  without  the  application  of  reverse  bias  to  the  Schottky 
junction.  On  the  basis  of  the  present  results,  we  construct  a  configurational  coordinate  diagram 
showing  the  potential  for  hydrogen  motion  around  carbon  and  discuss  the  dissociation  mechanism  of 
the  complex  together  with  its  structural  model. 
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Experimental  procedure. 

We  used  two  FZ  grown  n-type  silicon  crystals  with  phosphorus  densities  of  1.5x10^^  and  5.9x10^^ 
cm'3.  Their  oxygen  and  carbon  densities  were  less  than  1x10^^  and  about  IxlO^®  cm'^,  respec¬ 
tively.  Samples  for  the  normal  DLTS  measurement  were  cut  from  the  former  crystal  into  a  size  with 
dimensions  of  2x3x1  mm^.  For  the  stress  DLTS  measurement,  many  samples  were  cut  from  the 
latter  crystal  into  a  square  pillar  with  dimensions  of  1x1x6  mm^,  the  longest  of  which  was  parallel  to 
<100>,  <110>  or  <111>  directions.  Hydrogen  injection  was  performed  by  chemical  etching  at  20°C 
for  5  min.  The  hydrogenated  samples  were  prepared  for  DLTS  measurements  by  forming  Au 
Schottky  diodes.  Capacitance  DLTS  measurements  were  performed  typically  at  a  rate  window  of 
114  s'^.  In  the  stress  DLTS  measurement,  compression  stresses  up  to  1.2  GPa  were  applied  to  the 
samples  along  their  longest  dimension.  Other  details  were  the  same  as  published  previously  [2]. 

The  symmetry  of  the  atomic  structure. 

Figure  1  shows  the  results  of  the  stress  DLTS  measurements.  Solid  curves  are  measured  spectra, 
and  broken  ones  are  the  fitting  using  the  usual  DLTS  function.  In  the  fitting,  we  considered  the 
presence  of  maximum  three  peaks:  the  splitted  peaks  of  the  E3  trap  at  75-95K  and  an  unidentified 
peak  around  115K.  The  peak  of  the  E3  trap,  which  is  seen  at  93K  under  no  stress  (a),  is  splitted 


Figure  1.  DLTS  spectra  of  the  E3  trap  under  no  stress  (a)  and  under  compression  stresses  along 
<111>  (b),  <110>  (c)  or  <100>  (d)  directions.  Solid  curves  are  measured  spectra,  and  broken 
ones  are  the  fitting  using  the  usual  DLTS  function  considering  the  presence  of  maximum  three 
peaks:  the  splitted  peaks  of  the  E3trap  at  75-95K  and  an  unidentified  peak  around  115K. 
Application  of  <111>  and  <110>  stresses  splits  the  E3  trap  peak  into  two  as  intensity  ratios  of  1:3 
and  2:2,  respectively,  which  are  the  ratios  of  the  low-temperature  peak  to  the  high-temperature  one. 
There  is  no  splitting  under  <100>  stress.  These  results  clearly  indicate  the  trigonal  symmetry  of  the 
H-C  complex. 
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Table  1.  The  trap  density  in  cm'^  determined  by  the  fitting.  No  represents  the  density  of  an 
unsplitted  peak  under  no  stress,  while  iVi  and  N2  represent  the  densities  of  the  low-temperature  and 
high-temperature  peaks,  respectively. 


under  no  stress 

under  a  stress  of  1.2  GPa 

orientation 

No 

Ni 

Ni 

<111> 

30.0 

7.2 

22.0 

<110> 

13.0 

5.9 

6.9 

under  compression  stresses  along  <11 1>  (b)  and  <110>  (c)  directions  into  two  as  intensity  ratios  of 
1:3  and  2:2,  respectively  (Table  1),  which  are  the  ratios  of  the  low-temperature  peak  to  the  high-tem- 
perature  one.  There  is  no  splitting  under  <100>  stress  (d) .  Since  the  electronic  state  of  the  H-C 
complex  is  not  orbitally  degenerate  according  to  the  theoretical  calculation  of  Kaneta  and  Katayama- 
Yoshida  [8],  the  peak  splitting  reflects  the  lift  of  orientational  degeneracy  by  the  stress.  Therefore, 
the  above  results  clearly  indicate  the  trigonal  symmetry  of  the  H-C  complex,  and  are  consistent  with 
the  previously  proposed  model  [4],  where  hydrogen  occupies  the  BC  site  between  carbon  and  silicon 
atoms,  and  also  agree  well  with  the  results  of  recent  theoretical  calculations  [6-8]. 

Bonding  nature  of  the  electronic  state. 

Figure  1(b)  and  Table  1  shows  that  the  intensity  ratio  of  the  low-temperature  peak  to  the  high-tem¬ 
perature  one  is  1:3  under  a  compression  stress  along  the  <111>  direction.  This  means  that  the 
applied  stress  induces  the  energy  of  one  configuration  of  the  H-C  complex,  whose  <111>  symmetri¬ 
cal  axis  along  the  C-H-Si  bond  is  parallel  to  the  applied  stress,  to  become  higher  than  those  of  the 
other  three  configurations  among  four  <111>  equivalent  orientations  of  the  symmetrical  axis.  We 
have  analyzed  data  on  the  <111>  stress  dependence  of  energy  levels  of  the  splitted  peaks  considering 
the  stress  dependence  of  the  lower-lying  band  of  splitted  conduction  band  manifolds,  and  have  found 
that  the  stress  raises  both  of  the  energy  levels  of  splitted  peaks  and  increases  their  energies  linearly 
with  stress  but  in  different  magnitudes.  The  energy  level  of  the  low-temperature  peak  has  a  strong 
stress  dependence  (45±5  meV/GPa),  while  the  high-temperature  one  has  only  a  weak  dependence 
(8±4  meV/GPa).  These  results  clearly  indicate  that  the  compression  stress  component  parallel  to  the 
symmetrical  axis  raises  the  energy  of  the  C-H-Si  bond,  suggesting  its  anti-bonding  nature.  This  is  in 
excellent  agreement  with  the  prediction  of  the  theory  [8]. 

Stress-induced  preferential  alignment  of  the  complex. 

We  have  observed  stress-induced  preferential  alignment  of  the  complex,  which  was  completely 
aligned  by  the  annealing  at  250K  for  50  min  under  a  <110>  stress  of  1  GPa.  This  alignment  was 
monitored  by  DLTS  as  the  increase  of  relative  intensities  of  the  high-temperature  peak  to  the  low- 
temperature  one.  This  can  be  reasonably  understood  by  the  increase  in  bonding  energy  under  a 
compression  stress  parallel  to  the  bonding  direction.  On  the  other  hand,  no  alignment  was  observed 
at  120K  even  for  long  annealing  time  as  long  as  5  hours.  The  observation  of  the  stress-induced 
alignment  of  any  hydrogen-related  complex  is  of  particular  significant,  because  there  has  been  only 
few  information  available  on  the  dynamical  properties  of  hydrogen  in  semiconductors  at  low  tempera¬ 
tures.  Our  forthcoming  goal  is  to  study  the  motion  of  hydrogen  around  carbon  in  various  charge 
states  by  observing  the  relaxation  of  stress-induced  alignment  of  the  H-C  complex  under  various 
conditions  such  as  under  illumination,  in  the  dark  and  with  or  without  the  application  of  reverse  bias 
to  the  Schottky  junction.  Since  carbon  is  an  isoelectronic  impurity  in  Si,  such  motion  can  compare 
with  that  of  free  hydrogen  in  crystalline  silicon.  Our  experiments  are  now  in  progress. 
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Dissociation  of  the  complex  under  various  conditions. 

We  have  observed  that  the  illumination  with  white  light  enhances  the  dissociation  of  the  H-C  complex 
while  the  application  of  reverse  bias  to  the  Schottky  junction  suppresses  it  [3, 4].  The  E3  trap  exist¬ 
ing  only  outside  the  depletion  region  of  the  junction  becomes  unstable  to  be  dissociated.  Annealing 
kinetics  under  zero  bias  and  reverse  bias  is  entirely  different.  For  zero-bias  annealing,  the  dissocia¬ 
tion  is  gradually  slowed  down  as  the  annealing  proceeds  and  kinetics  deviates  from  first  order.  On 
the  contrary,  kinetics  completely  obeys  first  order  for  reverse-bias  annealing.  This  difference  sug¬ 
gests  that  the  back  reaction  to  form  the  H-C  complex  begins  to  dominate  as  the  dissociation  goes 
forward.  On  reverse-bias  annealing,  the  hydrogen  released  by  the  dissociation  may  be  negatively 
charged  in  n-type  Si  [10, 11]  and  be  swept  away  by  strong  junction  fields  from  the  regioii  probed  by 
DLTS.  This  leads  to  no  back  reaction  occurring  to  form  the  complex,  resulting  in  a  simple  first- 
order  kinetics  representing  the  dissociation  alone.  On  zero-bias  annealing,  the  region  probed  by 
DLTS  is  outside  the  depletion  region  and  has  no  junction  fields,  so  that  hydrogen  stays  around 
carbon  to  form  the  complex  again  after  its  dissociation.  This  results  in  the  slowing  down  of  disso¬ 
ciation  and  the  deviation  from  first  order  kinetics.  In  any  case,  the  initial  annealing  process  reflects 
the  dissociation  of  the  complex  alone,  and  can  be  approximated  to  first-order  reaction.  Figure  2 
shows  the  temperature  dependence  of  reciprocal  time  constant,  1/t,  for  the  initial  annealing  process 
of  the  H-C  complex  under  various  conditions  such  as  under  illumination,  in  the  dark  and  with  or 
without  the  application  of  reverse  bias,  Vf^ ,  to  the  Schottky  junction.  For  the  reverse-bias  annealing 
in  the  dark,  the  activation  energy,  £,  for  the  annihilation  is  1.3  eV  and  the  frequency  factor,  v,  is 
2x10^^  s'^.  These  values  are  consistent  with  the  thermal  dissociation  of  the  H-C  complex  by  the 
usual  atomic  jump  of  hydrogen  being  released  from  carbon.  For  the  zero-bias  annealing,  £  is  much 
lower;  0.5  eV  under  illumination  and  0.7  eV  in  the  dark.  The  values  of  v  are  also  even  smaller,  10^- 
10^  s'^  This  means  that  there  is  another  dissociation  path  with  a  low  activation  energy  and  a 
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Figure!.  Temperature  dependence  of  reciprocal  time 
constant,  1/r,  for  the  initial  annealing  process  of  the  H- 
C  complex  under  various  conditions  such  as  under  illu¬ 
mination,  in  the  dark  and  with  or  without  the  application 
of  reverse  bias,  ,  to  the  Schottky  junction.  For  the 
reverse-bias  annealing  in  the  dark,  the  activation  energy, 
E,  for  the  annihilation  is  1.3  eV  and  the  frequency  fac¬ 
tor,  V,  is  2x10^^  s'l.  For  the  zero-bias  annealing, £  is 
much  lower;  0.5  eV  under  illumination  and  0.7  eV  in  the 
dark.  The  values  of  v  are  also  smaller,  lO'^-lO'^  s'^. 


Figure  3.  The  charge  states  of  the 
H-C  complex  near  the  Schottky  junc¬ 
tion.  Substantially  all  the  complexes 
existing  Inside  the  depletion  region  are 
in  the  positive-charge  state,  while 
outside  a  few  of  the  complexes  are  in 
the  neutral  state  and  are  unstable.  The 
complex  in  the  positive-charge  state 
successively  becomes  neutral  and  un¬ 
stable  by  capturing  an  electron  from 
the  conduction  band. 
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small  frequency  factor.  The  magnitude  of  v  strongly  suggests  that  the  capture  of  an  electron  by  the 
E3  trap  from  the  conduction  band  is  a  rate-limiting  step  of  this  dissociation  path.  This  is  consistent 
with  the  observation  that  the  E3  trap  existing  only  outside  the  depletion  region  is  dissociated. 

Dissociation  mechanism. 

We  have  found  that  the  H-C  complex  becomes  unstable  outside  the  depletion  region  in  the  dark  as 
well  as  under  illumination.  Since  no  hole  is  available  in  the  valence  band  in  the  dark,  the  recombina¬ 
tion  does  not  occur,  clearly  indicating  that  the  cause  of  the  instability  should  be  due  to  the  charge-state 
effect.  The  charge  states  of  the  complex  are  schematically  illustrated  in  Fig.  3,  where  substantially 
all  the  H-C  complexes  existing  inside  the  depletion  region  are  in  the  positive-charge  state  while  so  are 
most  of  the  complexes  outside  as  well  but  a  few  of  them  are  in  the  neutral  state.  There  is  no  other 
difference  concerning  the  situation  of  the  complex  between  the  inside  and  outside  of  the  depletion  re¬ 
gion.  Therefore,  we  must  ascribe  the  instability  of  the  complex  outside  the  depletion  region  to  this 
difference  in  level  occupation.  This  leads  us  to  conclude  that  the  H-C  complex  becomes  unstable  by 
capturing  an  electron  from  the  conduction  band  to  change  its  charge  state  to  neutral.  If  some  com¬ 
plexes  are  dissociated  in  the  neutral  state,  the  average  occupation  of  their  electronic  levels  deviates 
from  that  in  thermal  equilibrium.  This  drives  an  unoccupied  trap  to  capture  an  electron  from  the  con¬ 
duction  band  to  maintain  thermal  equilibrium.  Thus,  the  capture  of  an  electron  and  the  subsequent 
dissociation  continuously  occurs  to  reduce  the  density  of  the  complex  on  zero-bias  annealing.  This 
mechanism  reasonably  explains  that  the  rate-limiting  step  in  the  dissociation  is  the  capture  of  an  elec¬ 
tron  and  why  the  dissociation  is  suppressed  on  reverse-bias  annealing. 

Considering  the  results  of  recent  theoretical  investigations  [6-8],  we  propose  that  the  BC  configura¬ 
tion  of  the  H-C  complex  in  the  neutral  state  is  unstable  with  no  binding  among  hydrogen,  carbon  and 
silicon.  This  may  be  understood  in  the  following  way.  The  positive  charge  state  of  the  complex  has 
yield  the  binding  because  the  positive  charge  of  a  proton  is  present  inside  the  negatively  charged 
bonding  between  carbon  and  silicon.  However,  the  neutral  complex  no  longer  has  such  binding  and 
becomes  unstable.  This  means  that  the  activation  energy  of  hydrogen  motion  should  be  comparable 
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Figure  4  .  Configurational  coordinate  diagram 
illustrating  the  total  energy  of  the  H-C  complex  in 
the  positive  and  neutral  charge  states.  The  upper 
curve  represents  the  potential  for  hydrogen  in  the 
positive  charge  state  around  carbon.  Hydrogen 
must  overcome  the  binding  with  carbon  and  silicon 
when  it  moves  apart  from  carbon.  The  lower  curve 
shows  that  hydrogen  moves  freely  in  the  neutral 
state  without  any  attractive  force  exerted  by  carbon 
and  silicon. 


Figure  5.  Summary  of  the  dissociation 
of  the  complex  using  its  atomic  model. 
When  its  charge  state  remains  positive  by 
reverse-bias  application,  the  complex  is 
dissociated  by  atomic  jump  of  hydrogen 
with  an  activation  energy  of  1 .3  eV.  If  the 
charge  state  of  the  complex  is  changed  to 
neutral  by  capturing  an  electron,  the  barrier 
height  is  lowered  to  0.5  eV  to  enhance  the 
dissociation  of  the  complex. 
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with  that  of  isolated  hydrogen,  which  was  measured  as  0.5  eV  by  hydrogen  diffusion  experiments 
[12].  This  value  is  actually  the  same  as  the  activation  energy  of  the  dissociation  of  the  complex  on 
zero-bias  annealing  under  the  illumination  of  white  light  (Fig.  2).  Therefore,  we  interpret  that  the 
complex  captures  an  excess  electron  created  in  the  conduction  band  by  above-gap  excitation  or 
accepts  an  electron  from  the  valence  band  by  below-gap  excitation,  and  loses  the  binding  to  be 
dissociated  with  an  activation  energy  of  0.5  eV.  On  the  other  hand,  the  activation  energy  on  zero- 
bias  annealing  in  the  dark  is  0.7  eV,  which  is  0.2  eV  higher.  This  can  be  explained  as  follows.  As 
we  discuss  in  the  preceding  paragraph,  the  continuous  dissociation  of  the  complex  needs  the  capture 
of  an  electron  from  the  conduction  band  to  maintain  thermal  equilibrium.  This  process  involves  the 
thermal  activation  of  an  electron  from  the  Fermi  level  to  the  trap  level.  Accordingly,  the  dissociation 
needs  an  additional  activation  energy,  which  is  the  energy  difference  between  the  both  levels  and  can 
be  estimated  to  be  0.2  eV  under  our  experimental  conditions  (Fig.  3). 

On  the  basis  of  the  above  discussion,  we  can  draw  a  configurational  coordinate  diagram  illustrating 
the  total  energy  of  the  H-C  complex  in  the  positive  and  neutral  charge  states  (Fig.4).  The  upper 
curve  represents  the  potential  for  hydrogen  in  the  positive  charge  state  around  carbon.  Hydrogen 
must  overcome  the  binding  with  carbon  and  silicon  when  it  moves  apart  from  carbon.  In  the  neutral 
state,  hydrogen  moves  freely  without  any  attractive  force  exerted  by  carbon  and  silicon  (lower  curve 
of  Fig.  4).  Figure  5  demonstrates  the  summarizing  illustration  of  the  dissociation  of  the  complex 
using  its  atomic  model.  When  its  charge  state  remains  positive  by  reverse-bias  application,  the 
complex  is  dissociated  by  atomic  jump  of  hydrogen  with  an  activation  energy  of  1.3  eV.  If  the 
charge  state  of  the  complex  is  changed  to  neutral  by  capturing  an  electron,  the  barrier  height  is  low¬ 
ered  to  0.5  eV  to  enhance  the  dissociation  of  the  complex. 
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Abstract 

An  approximate  molecular  orbital  method,  including  Car-Parrinello-like  dynamics,  has  been 
used  to  model  the  migration  and  vibration  of  hydrogen  and  hydrogen-carbon  complexes  in 
silicon.  The  local  vibrational  mode  spectra  and  the  reorientation  of  the  hydrogen  within  the 
complexes  are  simulated.  Different  di-carbon-hydrogen  defect  structures  appear  to  form  if  a 
hydrogen  is  trapped  by  the  di-carbon  defect  than  if  a  carbon-hydrogen  interstitial  complex  is 
trapped  by  a  substitutional  carbon  atom. 

Introduction 

Hydrogen  is  very  mobile  in  silicon,  either  as  a  single  interstitial  occupying  a  bond-centred 
position[l],  or  in  one  of  the  diatomic  forms.  One  of  the  surprising  results  to  emerge  over  the 
last  few  years  is  the  number  of  defects  in  silicon  which  contain  hydrogen[2].  It  is  undetectable 
in  its  normal  forms  xmtll  it  is  trapped  by  another  defect.  It  affects  the  optical  (and  electrical) 
activity  of  that  defect,  so  its  diffusion  through  the  silicon  can  be  traced,  by  the 
photoluminescence  from  defects  activated  (or  de-activated)  by  the  trapping  of  hydrogen[2]. 
One  of  the  defects  which  traps  hydrogen  is  a  carbon  substitutional  atom,  converting  the 
isoelectronic  defect  into  a  deep  donor[3].  It  is  also  trapped  by  the  di-carbon  defect[4],  with  a 
substantial  re-ordering  of  the  carbon  atoms.  Hydrogen,  in  whatever  site  it  occupies,  has  local 
vibrational  modes  (LVM)  associated  with  it[5],  and  it  is  from  these  much  experimental 
information  can  be  derived. 

This  paper  looks  at  how  hydrogen  and  hydrogen-carbon  defects  can  be  modelled.  Because 
hydrogen  is  so  much  lighter  than  the  silicon  atoms,  but  in  many  defects  is  in  self-trapped 
sites,  treating  it  in  a  classical  way  is  not  valid.  However,  a  simple  prescription  for  the 
quantum  mechanical  modelling  of  such  defects  was  explained  by  Flynn  and  Stoneham[6]. 

The  paper  applies  this  prescription  to  the  migration  of  isolated  interstitial  hydrogen  through 
silicon,  and  the  same  method  is  used  when  the  carbon-hydrogen  and  di-carbon  hydrogen 
defects  are  modelled.  The  paper  also  looks  at  the  modelling  of  LVM  spectroscopy. 

Modelling 

The  computational  model  uses  Car-Parrinello-like  dynamics  and  an  approximate  molecular 
orbital  technique  (AEA  Technology’s  CHEMOS  code)  to  simulate  the  migration  and 
dynamics  of  the  hydrogen’s  migration,  vibration  and  trapping  near  the  carbon. 

Migration  of  hydrogen 

Hydrogen  has  a  very  low  mass,  so  when  we  look  at  its  path  as  it  migrates  through  a  solid,  we 
need  to  use  a  quantum  mechanical  treatment.  The  stable  site  is  a  bond-centred  interstitial 
position[l]  which  is  a  self-trapped  site:  that  is,  until  the  silicon  lattice  relaxes  outwards  to 
accomodate  the  hydrogen,  the  site  is  not  a  stable  one.  However,  the  silicon  atoms  move  much 
slower  than  the  hydrogen,  so  in  a  classical  sense,  it  is  difficult  for  the  hydrogen  to  be  trapped 
at  all. 
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A  quantum  mechanical  particle  samples  all  the  possible  configurations.  When  it  is  trapped  in 
one  site,  it  can  sample  any  neighbouring  sites,  and  as  the  lattice  deforms  due  to  the  phonons 
present,  the  energies  of  these  neighbouring  sites  will  change.  If  the  particle  s  energy  at  its 
present  site  (including  the  lattice  distortion)  is  the  same  as  that  at  the  new  site,  it  can  hop 
across.  Then  the  energy  of  activation  of  the  hop  it  just  the  energy  to  distort  the  lattice  such 
that  the  energies  in  the  two  sites  are  matched.  This  is  derived  mathematically  by  Flyim  and 
Stoneham[6]. 

The  activation  energy  for  migration  of  the  single  hydrogen  interstitial  atom,  derived  by  this 
method  is  0.20  eV. 

Local  vibrational  modes 

The  dipole  moment  of  the  full  defect  and  surrounding  crystal  can  be  calculated  at  each  time 
step  (usually  1  fs),  as  well  as  the  positions  of  all  the  atoms  and  their  potential  and  kinetic 
energy. 


Figure  1:  The  deviation  of  a)  the  position  and  b)  the  dipole  moment  from 
equilibrium,  of  the  anti-bond  hydrogen  atom  in  the  H2’''  defect  in  silicon, 
as  it  vibrates  in  along  the  (111)  direction.  c)The  local  mode  spectrum 
corresponding  to  the  dipole  moment  in  b). 

The  Fourier  transform  of  the  dipole  moment,  gives  the  spectrum  in  the  infrared  which 
corresponds  to  the  LVM  spectrum,  including  the  polarisation.  Fig.  Ic  shows  that  the  vibration 
in  Fig.  lb  gives  a  plausible  LVM  spectrum.  The  experimental  local  mode  energies  are  1838 
cm"'  and  817  cm"' [7],  showing  that  the  model  gives  rather  low  estimates  of  vibrational 
energies.  The  resolution  of  the  spectrum  is  inversely  proportional  to  the  time  over  which  the 
vibration  is  recorded,  and  hence  to  the  computer  time  used.  Since  many  defects  or  local 
modes  vibrations  are  not  infrared-active,  it  can  be  misleading  to  equate  the  vibrational 


Dipole  moment 


Materials  Science  Forum  Vois.  258-263 


255 


frequencies  to  the  LVM  spectrum.  The  spectra  derived  here  can  be  compared  directly  to  their 
experimental  equivalents. 

Hydrogen  trapped  at  carbon 

Carbon  is  present  in  all  types  of  silicon  as  substitutional  atoms.  It  is  substantially  smaller  than 
the  silicon  atom  it  replaces,  leading  to  a  contraction  of  the  lattice  around  it[8].  Hence,  when 
the  bond-centred  hydrogen  attaches  itself  to  the  carbon,  some  of  the  strain  in  the  lattice  is 
relieved.  The  gain  in  energy  when  the  carbon  traps  an  interstitial  hydrogen  atom  is  1 .7  eV. 

The  orientation  of  the  defect  will  rotate  if  the  hydrogen  hops  from  one  of  the  carbon  bonds  to 
another,  as  is  shown  in  Fig.  2.  As  before,  it  is  not  adequate  to  calculate  the  energy  barrier  over 
which  the  hydrogen  moves  either  with  the  silicon  atoms  frozen  or  with  them  free  to  relax  -  a 
quantum  mechanical  treatment  is  necessary.  However,  using  this  method,  the  activation 
energy  for  the  hydrogen’s  hop  is  very  high  -  about  4.7  eV.  It  is  very  difficult  to  investigate  all 
the  structures  such  that  the  final  and  initial  states  have  the  same  energy,  so  this  estimate  is  an 
upper  limit.  However,  its  large  value,  compared  to  the  migration  energy  of  the  hydrogen  itself 
derived  above  by  the  same  method,  indicates  that  the  defect  is  more  likely  to  dissociate  than 
to  reorient  itself 


^  Silicon  atom 
O  Carbon  atom 
•  Hydrogen  atom 

Figure  2:  The  carbon-hydrogen  defect,  showing  the  hop  that  the  hydrogen 
needs  to  make  to  reorient  the  defect. 


In  this  structure,  the  hydrogen  can  vibrate  parallel  or  perpendicular  to  the  C-H-Si  bond. 
Figure  3  shows  the  dipole  moment  and  the  LVM  spectra  that  arise  from  these  vibrations. 


Figure  3:  a)  Variations  of  dipole  moments  and  b)  LVM  spectra  derived  from 
them  of  the  carbon-hydrogen  defect,  with  the  hydrogen  vibrating  parallel 
(solid  lines)  and  perpendicular  (broken  lines)  to  the  C-H-Si  bond. 
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A  DLTS  signal  has  been  associated  with  the  positive  charge  state  of  this  defect  with  a  deep 
donor  level  at  0.16  eV  below  the  conduction  band  edge[3],  and  it  appears  to  capture  an 
electron  and  dissociate  with  an  activation  energy  of  0.7  eV[9].  There  is  no  experimental 
evidence  for  it  reorienting. 

Hydrogen  trapped  at  the  di-carbon  centre 

Previous  work,  incorporating  several  experimental  and  theoretical  techniques  [4, 10],  has 
shown  that  when  silicon  containing  carbon  is  irradiated,  a  metastable  defect  containing  two 
carbon  atoms  forms.  The  two  forms  of  this  defect  are:  the  A-form  in  which  a  (001)  carbon 
split  interstitial  is  trapped  next  to  a  carbon  substitutional  atom  (Cj-Cs),  and  the  B-form  in 
which  both  the  carbons  are  at  neighbouring  substitutional  sites,  with  a  silicon  interstitial  on  a 
buckled  bond  between  them  (Cs-Si|-Cs).  They  are  illustrated  in  Fig.  4,  with  the  higher  energy 
structure  which  consists  of  the  two  carbons  sharing  a  site  (C-C)s. 


Figure  4:  Configurations  of  the  di-carbon  defect,  a)  the  A-form  (Cj-Cs), 
b)  the  B-form  (Cj-Sij-Cs)  and  c)  a  higher  energy  structure  (C-C)s. 

The  defect  is  formed  when  irradiation  produces  vacancies  and  silicon  interstitials  which 
displace  carbon  substitutional  atoms,  which  are  trapped  at  other  carbon  substitutional  atoms. 
If,  in  addition,  there  are  mobile  hydrogen  atoms  (or  complexes)  in  the  crystal,  they  may  also 
trap  hydrogen: 


Cj  +  Cs  ^  (Cj-Cs)  or  (Cs-Sij-Cs) 
(Cj-Cs)  +  Hj  ^  (C-C-H) 
or  (Cs-Sij-Cs)  +  Hi  ^  (C-C-H) 


(1) 


Leary  et  al[ll]  investigate  the  possibilities  of  this  process  from  another  perspective  -  the 
interstital  carbon-hydrogen  complex  is  both  very  stable  and  highly  mobile,  and  if  it  is  trapped 
by  another  substitutional  carbon,  the  same  or  another  structure  of  the  di-carbon-hydrogen 
defect  may  form: 


Cj  -t  H,  ->  (C-H)j 

(C-H)i  +  Cs  ^  (C-C-H)  (2) 

Using  either  process,  the  di-carbon-hydrogen  complex  should  form  readily  if  the  energy  is 
lower  than  that  of  the  constituent  defects.  In  these  calculations,  an  energy  of  2.7  eV  is 
released  when  the  di-carbon  defect  captures  a  hydrogen  atom. 
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However,  in  eontrast  to  the  results  of  Leary  et  al  [11,12],  who  find  that  the  most  stable 
structure  of  the  complex  is  like  that  shown  in  Fig.  4c,  with  the  hydrogen  attached  to  one  of 
the  carbon  atoms,  I  find  a  lower  energy  structure  with  the  carbons  as  in  Fig.  4b  with  the 
hydrogen  attached  to  a  back  bond  of  one  of  the  carbon  atoms,  although  the  other  structure  is 
also  stable.  These  two  structures  rire  shown  in  Fig.  5. 


Figure  5:  Alternative  configurations  of  the  di-carbon-hydrogen  defect: 
a)  as  calculated  by  Leary  et  al[l  1],  b)  these  calculations. 

Hydrogen  was  placed  at  several  sites  near  the  di-carbon  complex,  so  that  the  trapping  could 
be  simulated.  It  was  repelled  by  the  B-form  of  the  di-carbon  complex  if  it  approached  from 
sites  away  from  the  (1 1 1)  axis  of  the  defect,  but  formed  the  structure  shown  in  Fig  5b,  when 
the  hydrogen  approached  one  of  the  carbon  substitutional  atoms  near  that  axis.  Neither  of  the 
two  stable  configurations  of  the  di-carbon  defect  could  be  persuaded  to  re-order,  on  trapping 
the  hydrogen,  into  the  structure  suggested  by  Leary  et  al[ll,12].  That  structure  arises  quite 
naturally  from  the  trapping  of  the  (C-H)i  by  a  carbon  substitutional  atom,  as  shown  in  Eqn.  2, 
as  his  paper  indicates.  Its  local  modes  agree  well  with  those  of  the  photoluminescence  system, 
the  T-line[12]. 

Therefore,  we  suggest  that  when  the  di-carbon-hydrogen  complex  forms  by  the  di-carbon 
defect  capturing  a  hydrogen  atom  (Eqn.  1)  it  may  form  a  different  structure  to  that  which 
forms  when  a  carbon  interstitial  atom  captures  an  interstitial  carbon-hydrogen  complex  (Eqn. 
2).  The  latter  is  the  defect  responsible  for  the  T-line,  the  former  may  be  present  in  the  same 
material  or  in  samples  produced  under  different  conditions,  for  example  when  hydrogen  is 
introduced  after  irradiation  and  aimealing  have  caused  the  formation  of  the  di-carbon  defects. 
Local  vibrational  modes  of  both  structures  caused  by  the  vibration  of  the  hydrogen,  are  shown 
in  Figure  6. 

Conclusions 

It  is  necessary  to  use  a  quantum  mechanical  treatment  of  the  migration  of  hydrogen;  a 
classical  picture  is  misleading. 

Hydrogen  is  trapped  readily  at  isoelectronic  defects  (as  well  as  dopants)  in  silicon. 
Substitutional  carbon  traps  interstitial  hydrogen  with  a  gain  in  energy  of  1.7  eV.  The 
metastable  di-carbon  defect  can  also  trap  interstitial  hydrogen  with  a  gain  in  energy  of  2.7  eV, 
but  may  form  a  different  structure  than  that  which  forms  when  the  substitutional  carbon  traps 
a  mobile  interstitial  carbon-hydrogen  complex. 
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Figure  6:  Local  vibrational  modes  of  the  two  structures  of  the  di-carbon  defect 

illustrated  in  Fig.  5a  and  5b  respectively.  The  vibrations  are  parallel  (solid  lines) 
and  perpendicular  (broken  lines)  to  the  C-H  bond. 
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Abstract. 

Further  investigations  of  the  M-hne  (760.8  meV)  photoluminescence  system  are  reported. 
Analysis  of  the  magnetic  field  perturbation  data  shows  that  the  transition  occurs  between  a 
shallow  effective  mass-hke  state  and  a  deep  state  of  a  paramagneticaJly  active  acceptor  centre. 
The  position  of  the  deep  (-/O)  level  is  located  at  E<;-0.37  eV.  Isotope  shifts  and  splitting  of 
the  zero-phonon  line  and  the  local  vibrational  mode  features  show  that  the  centre  contains 
one  hydrogen  atom  and  two  or  more  carbon  atoms.  The  mechanism  of  the  defect  formation 
is  discussed. 

Introduction. 

The  M-line  luminescence  system,  with  zero-phonon  line  at  760.8  meV,  appears  in  radiation 
damaged  silicon  after  subsequent  thermal  treatment  in  the  temperature  range  300-600®C. 
This  band  has  been  known  for  a  long  time  to  be  associated  with  a  carbon  containing  centre 
[1],  but  more  recently  it  was  shown  also  to  contain  hydrogen  [2,3].  There  are  several  carbon 
and  hydrogen  containing  luminescence  centres  of  high  thermal  stabihty  created  by  thermal 
treatment  after  radiation  damage  in  either  Czochralski  (CZ)  or  float  zone  (FZ)  Si.  Apart 
from  M-line,  these  include  the  T-hne  (935.1  meV)  and  the  I-line  (965.0  meV)  systems  which 
in  some  cases  can  be  created  by  thermal  treatment  of  CZ  silicon  alone  [2,4].  Since  carbon 
and  hydrogen  are  two  common  contaminants  in  Si  and  all  of  these  defects  are  stable  up  to 
600°  C  and  create  electronic  levels  in  the  band  gap,  it  is  of  both  technological  importance  and 
scientific  interest  to  establish  their  electronic  and  atomic  structures  and  the  mechanism  of 
their  formation. 

The  atomic  structure  of  the  T-line  centre  has  been  identified  recently  as  a  (100)  oriented 
carbon  pair  occupying  a  substitutional  site  with  a  hydrogen  atom  attached  to  a  one  of  the 
carbon  atoms  [5].  The  I-Hne  appears  to  have  a  very  similar  configuration,  modified  probably 
by  the  presence  of  an  oxygen  atom  [6].  Surprisingly,  these  two  centres  involve  a  pair  of 
carbon  atoms  arranged  in  a  form  totally  different  from  the  di-  carbon  G-line  centre  [7].  Both 
of  them,  in  contrast  to  the  latter  contain  a  C-C  bond.  In  this  paper  we  report  a  preliminary 
analysis  of  the  local  vibrational  modes  associated  with  the  M-Hne  centre  which  suggests  that 
its  atomic  structure,  particularly  the  configuration  of  the  carbon  atoms,  has  a  similarity  with 
the  structure  of  the  G-line  centre.  Also  we  present  a  more  detailed  analysis  of  the  magnetic 
field  perturbation  measurements  on  the  M-line  which  shows  that,  similar  to  the  T-  and  TUne 
centres  the  M-line  centre  creates  a  deep  acceptor  level  in  the  band  gap  and  is  paramagnetic 
in  its  neutral  state. 

Experimental  details. 

The  material  employed  in  these  measurements  was  FZ  Si  with  either  [^^C]=  2xl0^^cm“®  or 
[12c]=5x10^®  cm“®  and  [^®C]=7xlO^®  cm~®.  This  was  saturated  with  1.5xl0^®cm“®  H2  or 
D2  by  heating  in  flowing  gas  for  30  minutes  at  1300°  C  and  rapidly  cooling  in  silicone  oil  [8]. 
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The  samples  were  either  neutron  irradiated  with  a  Cd  ratio  of  25  to  total  flux  of  1.2  x  10^^  cm  ^ 
neutrons,  or  2  MeV  electron  irradiated  with  a  flux  of  4x10^’^  cm“^.  They  were  then  then 
annealed  for  30  minutes  at  390°C.  They  were  etched  in  10:90  HF:HN03  mixture  before 
and  after  all  heat  treatments.  Photoluminescence  measurements,  with  514.5-nm  Ar"*"  laser 
excitation,  were  carried  out  using  either  a  Nicolet  60SX  or  a  Bomem  DAS  Fourier-transform 
spectrometer  fitted  with  a  North  Coast  Ge  diode  detector,  or  a  Cincinnati  Electronics  InSb 
diode  detector  cold- windowed  at  2.74  /im  for  energies  below  0.7  eV.  The  Zeeman  experiments 
were  carried  out  with  a  magnetic  field  up  to  5.0  T,  in  an  Oxford  Instruments  drip  feed  cryostat 
fitted  with  a  Helmholtz  pair  of  superconducting  coUs. 

Results  and  discussion. 


Figure  1  shows  the  M-line  photoluminescence  spectrum  obtained  at  4.2  K,  with  a  resolution 
of  0.12  meV,  from  FZ  material  containing  ^^C  and  H.  The  spectrum  is  dominated  by  the 
zero-phonon  transition  at  760.8  meV,  labelled  M,  which  is  accompanied  at  lower  energies 
by  a  broad  side  band  of  phonon-assisted  transitions  associated  with  the  perturbed  lattice 
modes  and  by  sharp  local  mode  satellites  L,-.  There  are  also  some  zero-phonon  fines  and 
phonon-assisted  features  in  the  spectrum  associated  with  other  defects.  The  features  between 
680  and  690  meV  are  considered  to  be  local  mode  satellites  related  to  the  two  strong  zero- 
phonon  fines  just  below  the  M-fine.  However,  this  has  not  been  clarified  yet  because  these 
zero-phonon  fines  are  always  created  along  with  the  M-fine  under  conditions  for  optimising 
the  strength  of  the  M-fine.  The  spectra  recorded  at  temperature  above  10  K  contain  an 
additional  sharp  feature  M(E)  at  2.8  meV  higher  energy  than  the  M-fine.  The  ratio  of  the 
M(E)  and  M  intensities  with  increasing  temperature  follows  an  exponential  law  close  to  the 
Boltzmann  thermal  population  factor  for  the  two  excited  states  of  the  same  centre  separated 
by  ^  2.8  meV.  It  has  been  demonstrated  previously  that  the  M-fine  has  a  relatively  large 
hydrogen-deuterium  isotope  splitting  (0.33  meV)  [3]  and  a  very  small  carbon  isotope  shift, 
but  not  resolvable  splitting  [1],  which  implies  that  the  centre  contains  at  least  one  hydrogen 
and  one  carbon  atom.  The  shifts  and  splitting  of  the  L2,  L3  and  L4  local  mode  features,  to 
be  described  later,  confirm  the  presence  of  one  hydrogen  atom  and  either  two  or  more  carbon 
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atoms. 


760.0  760.8  761.6 

Photon  energy  (meV) 

Fig.2  Schematic  energy  level  diagram  of  Fig.3  Circles  showthe  positions  of  the  M-line 

the  transitions  responsible  for  the  M  and  Zeeman  components  measured  at  5  T  for 

M(E)  zero-phonon  lines.  different  directions  of  the  magnetic  field.  The 

lines  are  calculated  as  described  in  the  text. 

We  have  reported  previously  that  under  magnetic  field  and  uniaxial  stress  perturbations  the 
M-hne  undergoes  a  rather  complicated  splitting  into  a  large  number  of  components  reflecting 
the  low  symmetry  of  the  defect  [3].  It  was  shown  that  the  uniaxial  stress  response  in  its 
linear  limit  and  the  structure  of  the  Zeeman  spectra  can  be  accounted  for  by  a  standard 
perturbation  approach  based  on  pure  symmetry  arguments,  and  that  both  the  stress  and 
the  magnetic  field  effects  are  consistent  with  triclinic  symmetry  of  the  centre.  Basically,  the 
M-line  corresponds  to  a  transition  between  two  orbitally  nondegenerate  states  which  split 
into  doublets  in  a  magnetic  field.  However,  the  origin  of  the  states  involved  in  the  transition 
was  not  identified.  A  more  detailed  analysis  shows  that  the  presence  of  two  zero-phonon  lines 
and  the  behaviour  under  external  field  perturbations  are  consistent  with  transitions  between 
the  levels  of  an  acceptor  type  centre  which  is  paramagneticaUy  active  in  its  neutral  state. 
The  ground  state  of  the  system  corresponds  to  a  neutral  centre  with  a  hole  occupying  a  deep 
(-/O)  level  created  by  the  defect  core  potential.  Under  optical  excitation  from  an  argon  laser, 
such  a  centre  can  be  ionised  by  transfering  the  hole  into  the  valence  band  or,  equivalently, 
by  transfering  an  electron  from  the  valence  band  into  the  (-/O)  state.  Once  ionised,  the 
negatively  charged  defect  creates  a  Coulomb-like  hole  attractive  potential  and  can  bind  a  hole 
in  shallow  effective-mass  like  states  (EMS)  which  are  detected  in  luminescence  as  the  excited 
states  of  the  system.  Fig.2  shows  schematically  the  energy  level  diagram  explaining  the 
origin  of  the  luminescence  lines.  This  type  of  optical  transitions  has  been  observed  for  many 
other  luminescence  systems,  including  the  T-  emd  I-line  [9,6],  and  has  several  characteristic 
features  common  for  all  of  them,  for  example,  the  existence  of  closely  lying  excited  states 
which  interact  under  external  field  perturbations.  The  latter  gives  rise  to  strong  nonlinear 
behaviour  at  relatively  small  applied  stresses.  The  magnitude  of  the  stress  induced  interaction 
in  this  case  is  primarily  determined  by  the  characteristics  of  the  valence  band  maxima.  Also, 
luminescence  lines  of  this  type  exhibit  strong  anisotropy  of  the  Zeeman  splitting.  To  explain 
the  origin  of  such  anisotropy  and  also  to  demonstrate  the  validity  of  above  description  in  the 
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case  of  the  M-line,  we  will  consider  the  effect  of  the  magnetic  field  in  more  detail. 

Figure  3  shows  the  angular  variation  of  Zeeman  splitting  at  5  T  where  the  circles  correspond  to 
the  experimental  data  and  lines  are  the  calculated  fit  obtained  with  the  two  basic  assumption 
described  below.  First,  we  assume  that  the  hole  in  the  ground  state  is  a  spin-like  particle 
with  s  =  ^,  which  is  commonly  the  case  for  deep  level  states  in  Si  and,  therefore,  it  sphts 
isotropically  in  a  magnetic  field.  Second,  we  consider  that  the  lowest  energy  EMS  excited 
states  observed  in  photoluminescence  can  be  described  in  the  basis  of  $3/2  states  of  the  Fa 
group,  similar  to  the  ground  states  of  the  shallow  acceptor  centres.  In  the  symmetry  lowering 
field  of  the  defect  core  potential,  fourfold  degenerate  Fa  states  split  into  two  Kramers  doublets 
resulting  in  the  M  and  M(E)  zero-phonon  lines.  The  effect  of  a  magnetic  field  with  components 
Bi,  Bj,,  B^  on  these  states  can  be  account  for  by  Hamiltonian  [10] 

H^{B)  =  tiB  -f  <72  .7?^  +Ho  (1) 

where  J,-  are  the  angular  momentum  operators,  fiB  is  the  Bohr  magneton  and  gi ,  52  are  the 
hole  g-factors.  The  second  part  of  the  Hamiltonian 

Ho  =  (2) 

i  ^  ij 

with  {JiJj}  =  l/2{JiJj  +  JjJi),  describes  the  symmetry  lowering  perturbation  of  the  short- 
range  defect  field  in  terms  of  internal  strain  components  The  e°j  are  not  necessarily  the 
real  strain  but  one  of  the  ways  to  account  for  the  effect  of  the  core  potential  on  the  Fg  hole 
states.  The  fit  shown  in  Fig.3  has  been  obtained  with  the  hole  parameters  51=1. 1,  ^2=0.03  , 
61  =-1.8  eV,  di—-bA  eV  and  electron  g-factor  ge=1.97.  The  zero  strain  components  used  are 
e^y=0.33xl0“^  and  e^^=-0.33xl0“^,  referred  to  the  defect  axes,  where  Y  and  Z  lie  in  the 
[110]  plane  and  deviate  by  20°  from  the  (110)  and  (001)  directions,  respectively.  Although  the 
excited  state  of  the  transition  splits  into  a  doublet  in  a  magnetic  field  it  can  not  be  regarded 
as  spin  s  =  |  state.  The  wavefunction  of  this  effective-mass  like  state  contains  a  mixed 
combination  of  orbital  (^=1)  and  spin  (s  =  |)  components  which  does  not  correspond  to  any 
particular  moment.  As  a  consequence,  all  the  transitions  between  the  split  sublevels  of  the 
excited  state  and  ground  spin-like  state  are  allowed  in  a  magnetic  field.  This  fact,  together 
with  a  strong  anisotropy  of  the  effective  mass-like  state  sphtting,  explains  the  relatively  large 
number  of  the  Zeeman  components. 

The  binding  energy  of  the  hole  in  this  shallow  state  can  be  estimated  from  the  temperature- 
dependence  measurements  which  provide  a  value  close  to  35  meV.  In  turn,  using  this  value 
and  the  energy  of  the  optical  transition  we  can  estimate  the  position  of  the  deep  (-/O)  level 
as  Ec-0.37  eV. 

The  strong  nonlinearity  in  the  stress  response  of  the  M-line  reported  in  reference  3  is  consistent 
with  the  presence  of  two  closely  lying  excited  states  and  is  most  likely  associated  with  the 
interaction  between  them.  However,  a  full  quantitative  analysis  of  the  stress  data  requires 
the  knowledge  of  the  M(E)-  fine  splitting  which  is  difficult  to  obtain  due  to  the  weak  intensity 
of  the  line. 

It  is  well  established  that  the  centre  responsible  for  the  M-line  contains  both  carbon  and 
hydrogen.  Measurements  which  have  been  carried  out  on  a  wide  range  of  materials  provide 
no  evidence  that  oxygen,  any  group  III  and  V  elements,  or  any  other  impurities  which  could 
be  present  or  inadvertently  incorporated,  are  involved.  The  studies  of  the  zero-phonon  line 
and  local  modes  in  material  containing  a  hydrogen- deuterium  mixture  give  no  indication  that 
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the  centre  contains  more  than  one  hydrogen  atom.  This  is  also  consistent  with  a  paramagnetic 
activity  of  the  defect  which  requires  an  odd  number  of  hydrogen  atoms  being  involved  in  the 
complex  provided  its  atomic  components  include  only  carbon  and  hydrogen.  Taking  into 
account  the  results  of  recent  theoretical  calculations  predicting  a  high  mobility  of  C-H  pair 
in  Si  [11],  it  is  difficult  to  imagine  that  the  M-line  centre,  with  such  high  thermal  stability 
and  low  symmetry,  contains  only  one  carbon  atom.  Although  a  small  shift  and  broadening 
of  the  zero-phonon  line  can  be  detected  in  mixed  carbon  isotope  material  [1]  this  provides  no 
information  about  the  number  of  carbon  atoms  involved.  It  should  perhaps  be  noted  that 
isotope  structure  of  zero-  phonon  lines  does  not  unambiguously  reflect  the  atomic  composition 
of  the  defect.  For  example,  the  structure  of  the  T-line  in  material  with  a  and  mixture 
has  only  two  components  although  the  centre  contains  C-C  bond.  The  presence  of  this  bond 
can  be  clearly  seen  in  the  splitting  of  the  local  modes  satellites  [5].  We  will  discuss  now  some 
results  of  preliminary  measurements  on  the  isotope  structure  of  the  local  modes  associated 
with  the  M-line  centre,  which  are  shown  in  Fig.4. 


Fig.  4  Photoluminescence  spectra  of  the 
local  vibrational  modes  associated  with 
the  M-line  obtained  from  material 
containing  (a)  H+’^C ,  (b)  H+  '^C+  ’^C, 
(c)D+'2C 


The  strongest  local  mode  feature  Li  shown  in  Fig.l  has  no  carbon  isotope  shift  or  splitting 
and  there  is  only  a  small  shift  to  higher  energy  in  deuterated  material  due  to  the  shift  of  the 
zero-phonon  line.  Consequently  it  is  not  included  in  Fig.4.  The  features  at  ~  650  meV  have 
been  found  in  some  hydrogenated  samples  but  not  in  deuterated  material  and  probably  are 
not  related  to  the  M-centre.  Spectra  (a)  and  (b)  in  Fig.4  obtained  from  hydrogen  material 
containing  just  or  a  ~  1.4:1  mixture,  respectively,  show  that  the  local  modes  L2, 

L3  and  Ls  are  all  carbon-related  and  undergo  large  carbon-related  isotope  shifts.  Comparing 
spectra  (a)  and  (c),  it  can  be  seen  that  L3  and  L4  have  large  hydrogen- deuterium  isotope 
shifts  while  L2,  like  Li,  has  only  a  small  shift  associated  with  that  of  the  zero-  phonon  line. 
These  data  suggest  the  presence  of  at  least  two  carbon  atoms  at  different  locations.  One  of 
them  is  probably  attached  to  a  hydrogen  atom  and  is  involved  in  the  L3  and  L4  vibrations 
which  have  both  carbon  and  hydrogen  isotopes  shifts.  Another  one  gives  rises  to  L2  which 
is  not  affected  by  hydrogen-deuterium  substitution.  The  doublet  structure  of  all  the  modes 
in  mixed  carbon  isotope  material  suggests  that  there  is  little  coupling  between  the  carbon 
atoms. 

We  noted  above  that  there  is  a  similarity  between  the  structures  of  the  M-line  and  the  G-line 
centres.  Recent  investigations  of  the  G-line  spectra  in  mixed  carbon  isotope  materials,  which 
wiU  be  reported  elsewhere,  revealed  that  the  centre  responsible  for  this  system  has  a  local 
mode  with  an  energy  and  carbon  isotope  shift  similar  to  that  of  the  L2  mode  of  the  M-line 
centre.  This  has  an  energy  of  733.5  cm~^  (90.94  meV)  and  a  ^^C-^^C  shift  of  -19.5  cm“^ 
(-2.42  meV)  which  implies  that  the  vibration  primarily  involves  only  one  carbon  atom.  Note 
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that  the  ratio  of  hvi2/hvi3  ~  1.028  in  this  case  is  very  close  to  the  ratio  expected  for  an 
isolated  Si-C  pair.  The  presence  of  almost  identical  local  modes  in  the  M-line  and  G-line 
spectra  strongly  suggests  that  both  defects  contain  a  carbon  atom  at  the  same  location.  As 
stated  earher,  the  M-line  centre  in  contrast  with  the  other  carbon-hydrogen  related  centres  is 
only  created  in  radiation  damaged  silicon  after  annealing  at  temperatures  above  300°C.  The 
major  carbon  related  defect  in  irradiated  silicon  disappearing  at  temperatures  ~  250-300°  C  is 
the  di-carbon  centre  responsible  for  the  G-line.  This  would  suggest  that  the  formation  of  the 
M-centre  involves  an  interaction  between  a  carbon  pair  and  hydrogen.  Together  with  other 
evidence  [12],  it  would  also  suggest  that  the  uncoupled  di-carbon  pair  which  forms  the  G- 
centre  does  not  break  up  when  the  centre  is  destroyed,  rather  that  it  changes  configuration  and 
possibly  becomes  mobile.  Further  investigations  are  in  progress  to  provide  more  information 
about  the  structures  and  mechanisms  of  formation  of  the  M-Une,  G-line  and  other  carbon 
containing  centres. 
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Abstract.  Interstitial  carbon,  in  contrast  with  substitutional  carbon,  forms  defects  with 
hydrogen  which  are  both  electrically  active  and  stable  to  high  temperatures.  Ab  initio 
cluster  calculations  show  that  the  most  primitive  defect,  C;H,  diffuses  very  rapidly  and  is 
expected  to  complex  with  many  other  impurities  notably  C,  H  and  O.  We  describe  here 
the  structure  and  properties  of  defects  where  n  and  m  are  less  than  3.  The  most 

stable  defects  of  the  type  have  very  different  structures  when  m  =  0  and  when 

m  >  0.  In  the  former  case,  the  C-C  bond  is  metastable  and  only  C-Si-C  bonds  are  formed. 
However  in  the  second  case,  the  presence  of  a  H  atom  stabilises  the  C-C  bond.  These 
results  are  supported  by  experiment.  We  show  that  the  vibrational  modes  of  the  Cj-CjH 
defect  are  close  to  those  observed  for  the  T-photoluminescent  centre  and  this  defect  is 
passivated  when  complexed  with  a  further  H  atom.  This  defect  then  provides  the  first 
example  of  a  fully  characterised  carbon  centre  containing  a  C-C  bond. 


Introduction 

The  introduction  of  either  carbon  or  hydrogen  into  silicon  can  have  advantageous  effects  with 
regards  to  device  reliability  and  performance.  Carbon  can  be  introduced  from  graphitic  contami¬ 
nants  or  carbonaceous  gases  present  during  growth  and  predominantly  occupies  a  substitutional 
site,  Cs,  having  no  gap  levels.  The  electrically  active  interstitial  carbon  defect  C,-  is  formed  upon 
the  capture  of  a  mobile  self-interstitial,  I,  by  the  Cj  defect.  The  defect  is  one  of  the  most 

important  centres  in  radiation  damages  silicon,  and  it  is  well  established  that  it  adopts  a  (100) 
C-Si  split-interstitial  with  C2v  symmetry  -  see  for  example  [1,  2]  and  references  therein.  Thus, 
Ci  can  act  as  a  sink  for  mobile  I  defects,  and  suppress  transient  enhanced  diffusion.  The  barrier 
for  migration  of  C;  is  RiO.8  eV,  and  therefore  the  defect  is  mobile  above  room  temperature  and 
migrates  and  complexes  with  a  variety  of  other  defects  and  impurities  such  as  0,-  and  Cj  [2]. 
However,  these  defects  are  only  stable  to  around  300°  C,  and  hence  cannot  be  used  to  probe 
self-interstitial  generation  in  the  interesting  temperature  range  450-600° C,  where  both  ther¬ 
mal  donor  formation  and  oxygen  precipitation  takes  place.  It  would  be  of  interest  to  locate 
interstitial  C  defects  which  are  stable  in  this  region. 

Hydrogen  in  silicon  has  also  been  intensively  investigated  in  recent  years  [3],  however  the 
absolute  concentration  of  the  molecular  interstitial  is  uncertain.  Evidence  also  exists  for  the 
formation  of  H2  molecules  in  Si  [4]  in  plasma  treated  material,  which,  unless  situated  near 
a  second  defect  are  infra-red  inactive.  Furthermore  photoluminescence  experiments  [5],  have 
shown  that  hydrogen  is  present  in  heat  treated  silicon,  even  when  it  was  not  intentionally 
introduced  -  an  important  finding.  Most  of  the  results  on  interstitial  hydrogen  have  come  from 
muon-spin  resonance  experiments  (//SR)  with  occupying  the  Td  site  and  occupying 
the  bond-centred  (BC)  site  [6].  The  defect  is  therefore  bistable,  a  result  supported  by  theory 
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[7]:  H+’‘’  preferentially  occupies  the  BC  site,  whereas  the  Td  site  is  the  ground  state  for  H  .  The 
barrier  for  the  migration  of  the  interstitial  H  defect  is  believed  to  be  low,  suggesting  that  it 
can  migrate  to  and  complex  with  other  defects,  often  passivating  their  electrical  and/or  optical 
activity  [3]. 

The  interaction  between  H  and  Cj  has  recently  been  investigated  [8,  9].  These  defects 
although  electrically  active,  are  of  minor  technological  importance  as  they  have  low  dissociation 
energies,  breaking  up  when  T>100°C.  Minaev  and  Mudyri  [10]  observed  several  sharp  PL  lines 
from  CZ-Si  annealed  between  450°  C  and  600°  C.  The  presence  of  oxygen  and  carbon  in'many 
of  these  was  deduced  from  sample  statistics.  The  intensities  of  some  of  these  PL  lines  can  be 
dramatically  increased  by  the  deliberate  incorporation  of  both  H  and  C.  Isotopic  analysis  of 
these  lines  shows  that  many  of  these  defects  contain  carbon  (eg  the  P  and  H  centres)  and  both 
carbon  and  one  hydrogen  (I,  M,  and  T  centres),  but  only  provide  a  lower  bound  to  the  number 
of  atoms  in  the  defect.  [5,  11,  12,  13,  14).  Of  primary  interest  here  is  the  the  T-line  (935.1  meV), 
the  most  extensively  studied  of  these  defects.  The  zero-phonon  line  displays  isotope  shifts  with 
both  [11]  and  hydrogen  [13]  implying  that  the  defect  contained  at  least  one  C  and  one  H 
atom.  The  symmetry  of  the  defect  giving  rise  to  the  line  was  also  found  to  be  Cih-  However, 
C-isotopic  shifts  of  an  LVM,  observed  as  a  phonon  replica  to  the  T-line,  demonstrated  that  the 
defect  contained  two  C  atoms.  In  [15]  all  LVMs  along  with  their  isotope  shifts  were  detailed, 
and  these  results,  along  with  ab  initio  calculations  have  determined  the  microscopic  structure 
of  the  defect.  This  consists  of  a  (100)  oriented  C-CH  pair  occupying  a  single  lattice  site,  the 
structural  model  is  discussed  in  more  detail  later.  If  the  H  concentration  is  large,  with  respect 
to  C,  the  T-line  disappears. 

This  paper  is  concerned  with  a  theoretical  investigation  of  the  interaction  C,-  with  H,  and 
subsequent  reactions  with  other  H  and  atoms.  The  calculations  described  here  are  based 
on  local  density  cluster  theory  with  large  hydrogen  terminated  clusters.  Two  clusters,  a  (111) 
oriented  86  atom  cluster  Si44H42,  and  a  tetrahedral  131  atom  cluster  SiriHso,  were  modified 
for  all  of  the  calculations  presented  here.  Details  of  the  method  have  been  described  previously 
[16].  All  atoms  were  relaxed  in  these  calculations,  with  full  symmetry  constraints. 

The  Cj-H„  defects 

The  isolated  C,-  defect  possesses  two  undercoordinated  atoms  (C  and  Si)  and  therefore  H  can 
bond  to  either  of  these  atoms  forming  a  (100)  oriented  defect  with  H  bonded  to  C  (Figure 
la),  or  with  H  bonded  to  Si.  These  configurations  are  labelled  (CiH)(ioo)Si  and  C,(SiH)(ioo) 
respectively.  There  is  then  the  possibility  of  a  structural  change  to  a  bond  centred  (BC)  defect 
with  either  the  C-H  unit  at  the  centre  of  a  Si-Si  bond  (CiH)BcSi  (Figure  lb),  or  with  a  Si-H 
unit  at  the  centre  of  a  C^-Si  bond  Cs(Si,H)Bc-  The  presence  of  H  lowers  the  symmetry  of  all  of 
these  defects  to  Cih- 

Two  of  the  structures  possessed  almost  degenerate  energies  in  the  neutral  charge  state: 
with  (C,H)BcSi  possessing  an  energy  0.03  eV  above  (CiH)^ioo)Si,  which  was  the  ground  state 
structure.  The  other  structures  were  less  stable  by  at  least  0.47  eV.  The  binding  energy  of  H 
with  C;  in  the  (100)  form  was  evaluated  by  placing  H  in  a  BC  site  distant  from  C,-,  yielding  an 
energy  of  2.8  eV.  The  near  degeneracy  in  the  energies  of  the  (100)  and  BC  forms  is  surprising 
in  view  of  the  very  different  bonding  patterns.  In  the  isolated  C,-  defect  these  two  configurations 
possessed  very  different  energies  [1]  and  it  is  the  presence  of  H  which  stabilises  the  BC  form. 
Since  the  BC  site  lies  on  a  possible  diffusion  trajectory  of  C,-,  the  results  suggest  that  the  defect 
should  be  highly  mobile. 

The  saddle  point  for  this  migration  path  was  found  by  the  following  procedure:  the  initial 
cluster  coordinates  in  each  run  were  linearly  interpolated  between  the  relaxed  (100)  and  (111) 
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Fig.  1.  The  possible  configurations  of  the  C.-H  defect  in  Si,  and  the  defect  migration  path:  (a)  the  (C,H(ioo))Si 
configuration,  (b)  the  (CiHBc)Si  configuration,  (c)  the  (C,HBc)Si  configuration  with  the  rotated  CH  unit,  and 
(d)  reformation  of  the  (CiH(ioo))Si  structure.  The  black  circles  represent  carbon,  and  the  small  and  large  white 
circles  hydrogen  and  silicon  respectively. 


bond  centred  forms  illustrated  in  Fig.  la-b.  Thus  these  coordinates  are  simply  (1  —  a)Ri  +  aR2 
where  Ri  describes  the  (100)  and  (111)  forms  respectively,  followed  by  a  constrained  relaxation. 
The  energies  of  each  run  versus  a  are  shown  in  Fig.  2  (oi).  The  calculated  barrier  for  conversion 
of  the  (100)  to  BC  form  is  ~0.27  eV.  A  second  constrained  run  to  calculate  the  energy  required 
for  the  120°  rotation  of  the  C,-H  unit  in  the  BC  defect  (Fig.  Ib-c)  was  performed  (02)  and  gave 
a  barrier  of  0.16  eV  for  this  process.  The  migration  step  is  complete  when  the  (100)  defect  is 
reformed,  Fig.  Id.  From  these  results,  it  is  clear  that  the  migration  energy  for  CjH  is  extremely 
low,  around  0.3  eV,  and  therefore  we  expect  the  Cj-H  defect  to  be  an  extremely  reactive  unit, 
rapidly  migrating  to  and  complexing  with  other  defects  present  in  the  material. 


Variation  in 


Fig.  2.  The  energy  as  a  function  of  a  for  the  restructuring  and  rotation  of  Cj-H. 


Both  configurations  give  rise  to  a  singly  occupied  mid-gap  level,  consistent  with  a  single 
electron  occupying  a  dangling  p-orbital.  Hence  the  defects  are  paramagnetic  in  the  neutral 
charge  state  with  5  =  |.  The  charged  Ci-H  defects  were  also  investigated,  and  it  is  clear 
that  the  difference  in  energy  between  the  two  forms  wa.s  much  greater  here:  in  the  negative 
charge  state,  the  BC  structure  proved  to  be  lowest  in  energy  —  being  0.55  eV  below  the  (100) 
structure.  Conversely,  in  the  positive  charge  state  the  (100)  oriented  defect  lay  0.72  eV  below 
the  BC  configuration.  This  greater  difference  in  energy  will  affect  the  diffusion  barrier,  it  is 
likely  that  the  (100)  and  the  BC  configurations  are  the  saddle  points  for  the  negative  and 
positively  charged  defects  respectively,  and  the  diffusion  energy  is  now  comparable  to,  but  still 
lower  than  that  of  neutral  C,-  (experimental  0.8  eV,  theory  1.1  eV  [1]). 

Capture  of  a  second  hydrogen  atom  leads  to  an  electrically  inactive  and  immobile  defect. 
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Two  configurations  of  C.-Ha  were  investigated,  with  H  passivating  the  dangling  bond  of  the 
Ci-H  defect.  Here,  the  BC  Ci-Hj  defect  proved  to  be  the  lowest  energy  configuration,  and  should 
be  stable  enough  to  enable  detection  of  its  local  vibrational  modes.  The  LVMs  of  both  the  C,-H 
and  Ci-H2  defects  have  been  calculated  and  will  be  discussed  elsewhere. 


The  (CrH„)C5  defects 

Another  possible  reaction  which  Ci-H  might  undergo  is  trapping  by  C*.  As  well  as  the  capture 
of  CiH  by  C„  a  C,-(Ci-H)  defect  could  potentially  be  formed  by  the  capture  of  H  by  the  di¬ 
carbon  defect.  There  are  many  possible  structures  for  this  defect  and  several  were  investigated. 
Of  these,  two  structures  both  with  C-C  bonds  possessed  significantly  lower  energies  than  any 
of  the  others.  These  are  denoted  Cs(CiH)(ioo)  and  Cs(CiH)BC  and  are  illustrated  in  figure  3  (a) 
and  (b)  respectively.  The  first  of  these  was  the  ground  state  configuration  lying  0.28  eV  below 
the  latter  structure. 


It  is  interesting  to  note  that  contrary  to  the  di-carbon  centre,  the  formation  of  a  C-C  bond 
is  favoured  in  these  defects.  The  neutral  ground  state  is  paramagnetic  with  5=1,  and  is  isoelec- 
tronic  with  the  lA  configuration  of  the  C.-P,  defect  which  has  been  investigated  experimentally. 
The  Kohn-Sham  eigenvalues  indicate  that  the  defect  gives  rise  to  one  gap  level  which  contains 
one  electron.  This  occurs  around  mid-gap,  and  is  related  to  a  non-bonding  p-orbital  on  the 
undercoordinated  carbon  atom. 

The  defect  has  been  assigned  to  the  0.9351  eV  PL  centre,  or  T-centre,  which  creates  a  deep 
electron  trap  at  Ec-0.2  eV.  The  structure  and  vibrational  modes  of  the  ground  state  structure 
and  their  relationship  with  the  modes  observed  for  the  T-centre  has  been  described  previously 
[15],  and  given  in  Table  1.  Analysis  of  the  Zeeman  splitting  of  the  PL  line  confirms  that  the 
neutral  state  of  the  T-line  defect  is  paramagnetic  with  S=^  consistent  with  the  singly  occupied 
Kohn  Sham  level  from  the  calculation.  The  binding  energy  of  C^H  to  Cj  was  estimated  by  the 
introduction  of  the  separated  defects  into  the  cluster,  a  value  of  0.8  eV  was  obtained. 

In  samples  with  large  concentrations  of  H,  the  intensity  of  the  T-line  is  greatly  reduced. 
One  possible  explanation  is  that  the  C,-H  precursor  defect  traps  a  second  H  atom,  becoming 
immobile  thus  blocking  the  formation  of  the  T-centre.  A  second  possibility  is  that  the  T-centre 
rapidly  traps  a  second  H  atom.  Here,  we  investigated  three  possible  configurations  of  the  C2-H2 
defect:  a)  (100)  oriented  defect  labelled  (C2H2)(ioo))  b)  a  BC  defect,  with  a  C,-H2  unit  between 
Cs  and  a  Si  neighbour,  labelled  (C2H2)bc,  and  finally  c)  (C2H2)(no)  where  two  (C-H)  units  share 
a  lattice  site  a  (110)  orientation.  The  symmetry  of  these  three  configurations  was  constrained 
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Table  1.  Comparison  between  calculated  and  (experimental)  local  vibrational  modes  L5  and  L4,  cm  for 
Cs(C, 11)100  and  the  T-centre,  along  with  their  downward  isotope  shifts. 


Sym  Mode 

''*C-(i^C-H)  /ii^C-(i3C-H)  A13C-{12C-H)  A13C-(13C-H) 

A 

A 

L5 

L4 

1097.8  (1056.0)  19.2 
743.6  (796.0)  1.0 

(18.0)  20.7 
22.0 

(27.0)  40.8 
(25.0)  23.1 

(45.0) 

(25.0) 

Sym  Mode 

i^C-(i"C-D)  Ai^C-(‘3C-D)  zii3C-(i2C-D)  Ai3C-(i3C-D) 

A 

A 

L5 

L4 

1102.2  (1052.0)  17.1 
713.7  (759.0)  0.9 

(16.5)  24.3 
16.6 

(20.5)  42.3 

(16.5)  17.3 

(38.0) 

(16.5) 

to  (72,  Cih  and  C^v  respectively.  The  most  stable  defect  is  (C2H2)(ioo),  where  H  saturates  the 
C  radical  in  the  T-centre,  being  at  least  1.0  eV  below  the  next  lowest  energy  structure.  The 
defect  is  analogous  with  the  hydrogenated  self-interstitial  defect  (SiiH2)  which  also  has  a  (100) 
orientation  [18,  19]  with  C2  symmetry.  Again  the  calculations  of  the  LVMs  of  all  these  defects 
will  be  published  elsewhere. 

Discussion 

It  is  clear  that  many  defects  can  arise  when  H  complexes  with  interstitial  carbon.  We  found  that 
the  binding  energy  of  H  with  Cj  is  very  large,  ~  2.8  eV,  and  consequently  such  defects  should 
be  readily  formed  in  irradiated  material  or  annealed  CZ-Si.  The  neutral  defect  exists  in  two 
almost  degenerate  structures  consisting  of  a  (100)  oriented  and  bond  centred  pair.  The  bond 
centred  form  has  a  similar  structure  to  Oi.  Its  migration  barrier  is  0.4  eV  and  this  low  value 
implies  that  the  defect  would  easily  migrate  through  the  lattice  readily  forming  complexes.  The 
centre  gives  rise  to  a  singly  occupied  5=|  gap  state.  The  negative  charge  centre  is  stable  in  the 
BC  form  while  the  (100)  form  is  favoured  in  the  positive  charge  state. 

The  binding  energy  of  CjH  with  Cs  is  0.8  eV  and  the  resulting  (100)  oriented  C-C  pair,  with 
H  bonded  with  one  C  radical,  is  identified  with  the  T  photoluminescent  (0.9351  eV)  centre. 
The  calculated  local  vibrational  modes  and  their  isotope  shifts  are  in  good  agreement  with 
observations  on  this  centre  [15].  The  formation  of  the  T-centre  by  this  reaction  is  more  likely 
than  the  pairing  of  H  with  a  di-carbon  defect  as  the  latter  is  not  stable  beyond  ~  300“C.  The 
T-centre  can  be  observed  when  CZ-Si  is  annealed  to  450°C,  or  when  H  soaked  FZ-Si  containing 
C  is  irradiated  and  subsequently  annealed  around  dhO^C.  The  annealing  is  probably  necessary 
to  break  up  H  molecules  and  silicon  interstitial  aggregates. 

The  C,-H  centre  can  be  passivated  by  further  H  trapping.  Such  a  centre  would  be  be 
immobile  and  its  formation  would  block  the  production  of  T-centres.  Alternatively,  T-centres 
themselves  could  trap  a  second  H  atom  forming  the  inert  Cs-Ci-H2  defect. 

There  are  of  course  many  other  possible  defects  formed,  which  are  beyond  the  scope  of  this 
current  work,  among  these  are  the  reaction  of  the  migrating  Ci-H  with  O,  N  and  other  CH 
defects.  It  seems  likely  that  CH  forms  very  similar  defects  to  those  of  isoelectronic  impurities 
such  as  N  or  P.  For  example,  we  have  already  pointed  out  that  the  C-CH  pair  is  isoelectronic 
with  C,-Ps.  More  recent  work  [17]  has  showed  that  a  Ni02i  defect  is  a  candidate  for  the  shallow 
thermal  donor,  and  if  N  is  replaced  by  CH,  there  is  little  change  in  the  structural  or  electronic 
properties.  It  is  likely  then  that  such  complexes  are  responsible  for  some  of  the  other  yet  uniden¬ 
tified  PL  lines  in  Si.  The  presence  of  these  centres  provides  further  evidence  that  the  thermal 
treatment  of  CZ  Si  leads  to  the  generation  of  self-interstitials.  The  stability  of  such  centres  over 
this  temperature  range  (450-600°  C)  where  thermal  donors  are  produced  may  provide  a  means 
for  monitoring  Si,-  production. 
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LOW-TEMPERATURE  MIGRATION  OF  HYDROGEN 
AND  INTERACTION  WITH  OXYGEN 
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Abstract.  Low-dose  proton  implantation  into  n-type  silicon  below  80  K  initiates  the  formation  of 
two  deep  donor  centres  containing  hydrogen.  The  centres,  E3'  and  E3",  have  been  observed  by  deep- 
level  transient  spectroscopy  carried  out  in  situ  with  as-implanted  samples.  The  centres  have  very 
similar  emission  rates,  and  are  discerned  only  because  they  form  and  anneal  differently.  In  the  neutral 
charge  state  E3'  anneals  inlO  min.  at  100  K  while  E3"  anneals  in  «  50  ms  at  75  K.  These  anneals  lead 
to  the  same  negatively  charged  acceptor-type  centre  from  which  both  E3'  and  E3"  can  be  recovered: 
E3'  by  forward-bias  injection,  and  E3"  by  exposing  the  sample  to  band-gap  light.  The  E3'  recovery  is 
associated  with  fast  migration  of  hydrogen,  while  E3"  recovers  instantly  without  migration.  In  the 
positive  charge  state  E3'  anneals  in  the  range  200  -  240  K  as  a  result  of  hydrogen  migration  and 
trapping  at  oxygen,  while  E3"  anneals  in  a  two-step  process  through  E3".  The  centre  for  recovery  of 
E3'  and  E3"  anneals  in  the  range  230  -  270  K  restrained  by  hydrogen-oxygen  interaction.  We  discuss 
the  annealing  scenario  with  reference  to  present  understanding  of  isolated  hydrogen  in  silicon.  The 
previous  identification  of  E3'  with  bond-centre  hydrogen  is  maintained.  We  suggest  that  E3"  is  a 
perturbed  form  of  E3'  but  a  definite  assignment  is  not  obtained. 

Introduction 

A  general  approach  to  studies  of  hydrogen-defects  in  silicon  has  been  to  incorporate  hydrogen  by 
diffusion.  It  has  been  inferred  from  the  dynamics  [I]  of  donor  and  acceptor  passivation  that  hydrogen 
atoms  migrate  interstitially  through  one  or  more  of  the  three  natural  charge  states  of  isolated 
hydrogen  (H,  H'',  and  H^) ,  and  it  is  anticipated  that  both  a  donor  level  and  an  acceptor  level  exist. 
The  actual  diffusion  path  depends  on  the  position  of  the  Fermi  level  relative  to  the  levels  of  the 
hydrogen  solute  and  involves  trapping  and  detrapping  on  intrinsic  defects  or  impurities,  including 
hydrogen  itself  Eventually,  new  secondary  electrically  active  defects  will  form,  or  existing 
electrically  active  defects  will  neutralise  through  the  interaction  of  hydrogen  with  lattice 
imperfections  or  adjacent  impurities.  In  order  to  study  the  primary  interstitial  defects  in  stable  form 
one  must  avoid  the  formation  of  the  secondary  defect  structures.  To  achieve  this,  protons  may  be 
implanted  at  low  temperature  where  hydrogen  and  most  intrinsic  defects  are  immobile.  Then,  the 
subsequent  evolution  in  the  defect  scenario  with  increasing  temperature  can  be  followed  by  means  of 
in  situ  applications  of  standard  techniques  for  characterisation  of  semiconductor  defects. 

The  theoretical  consensus  [2]  is  that  the  global  minimum  in  the  ET  total-energy  surface  is  the 
interstitial  tetrahedral  site.  The  associated  defect,  If(T),  is  an  acceptor.  Similarly,  the  h”  and 
surfaces  have  global  minima  at  centres  of  Si-Si  bonds  giving  rise  to  the  defects  H*’(BC)  and  H^(BC), 
which  are  filled  and  ionised  donors,  respectively.  As  a  consequence,  hydrogen  is  an  amphoteric 
impurity  always  counteracting  the  prevailing  doping.  At  sufficiently  low  temperature  H^(BC) 
becomes  stable  in  p-type  silicon  and  H'(T)  becomes  stable  in  n-type  silicon,  whereas  H*’(BC)  may 
exist  only  in  the  metastable  form  in  the  sense  that  for  all  positions  of  the  Fermi  level  either  H^(BC)  or 
^(T)  has  lowest  total  energy.  However,  neutral  and  negatively  charged  interstitial  hydrogen  may 
coexist  as  stable  defects  at  low  temperature  in  n-type  material  because  the  energy  of  ir(BC)  exceeds 
that  of  ^(BC),  and  a  barrier  prevents  the  conversion  from  H”(BC)  to  HTCT). 

Many  problems  related  to  hydrogen  defects  remain  unsolved.  The  bond-centre  donor  level  has 
been  assigned  from  a  combination  of  results  [3-6]  obtained  by  Electron  Paramagnetic  Resonance 
(EPR)  and  Deep-Level  Transient  Spectroscopy  (DLTS).  However,  no  direct  spectroscopic 
identification  of  the  acceptor  level  has  been  obtained.  It  has  been  recognised  [7]  that  the  presence  of 
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interstitial  hydrogen  leads  to  significant  enhancements  of  the  rate  of  diffusion  of  oxygen  and  related 
processes,  such  as  the  enhancement  of  the  rate  of  thermal  donor  formation  [8]  and  the  incorporation 
of  hydrogen  in  shallow  thermal  donors  [9],  These  observations  require  elucidation  of  oxygen- 
hydrogen  structures  and  the  interactions  that  occur  during  the  defect  evolution  in  low  temperature 

anneal.  .  .  n 

This  contribution  presents  the  results  of  DLTS  measurements  earned  out  in-situ  after  proton 
implantation  at  low  temperature.  The  study  extends  work  [6]  in  which  a  metastable  hydrogen  centre 
was  identified  in  n-type  silicon  and  assigned  to  bond-centred  hydrogen.  The  associated  DLTS  signal 
is  known  as  E3'.  In  this  work  we  identify  a  new  centre  which  is  closely  related  to  E3'.  The  new 
centre  is  labelled  E3".  The  formation  and  annealing  of  both  centres  will  be  investigated  with 
particular  emphasis  on  the  role  of  oxygen  impurities  in  the  annealing  scenario. 


Measurements  and  Results 

A  series  of  p^n  or  Schottky  diodes  were  prepared  on  n-type  silicon  substrates,  and  protons  (or 
deuterons)  were  implanted  through  the  diode  junction  into  the  substrate.  Subsequently,  the  created 


defect  structures  and  their  thermal  evolution 
were  studied  by  means  of  in-situ  DLTS  earned 
out  at  low  temperature  in  between  successive 
annealing  steps.  The  corresponding  distributions 
of  the  charge  associated  with  ionised  defects 
were  simultaneously  examined  by  means  of 
capacitance  voltage  profiling  (CV).  The 
implantation  energy  was  chosen  to  give  an 
implantation  depth  in  the  middle  of  the  depletion 
layer  corresponding  to  20  V  reverse  bias  over  the 
diode.  For  a  10  Ocm  sample  this  energy  is  about 
450  KeV.  A  typical  dose  was  in  the  range  from 
10®  -  10'°  cm  ,  chosen  to  give  less  than  20% 


distortion  of  the  initial  dopant  concentration  as 
measured  by  CV  profiling.  As  indicated  by  the 
frequency  scans  depicted  in  Fig.  1  two  almost 
identical  signals  can  be  generated  in  the 
implanted  samples.  The  two  signals  can  be 
distinguished  only  because  the  E3”  peak  decays 
very  fast  when  electrons  are  supplied  by  removal 
of  the  bias,  while  E3'  anneals  thermally  by  first 


Frequency  [Hz] 


Fig.  1  DLTS  frequency  scans  comparing  as-implanted 
E3'  (filled  circles)  with  the  E3'+  E3"  signal  after 
illumination  (open  circles)  and  the  E3"  signal  after 
zero-bias  annealing  and  illumination  (triangles). 


order  kinetics  and  exhibits  normal  Arrhenius 

behaviour  [6].  Either  of  the  two  peaks  can  be  regenerated  after  the  decays,  but  in  basically  different 
ways.  The  E3"  signal  can  be  recovered  by  illumination  of  a  reverse-biased  diode  with  a  Nd:YAG 
laser.  The  recovery  saturates  in  the  order  of  one  sefcond  by  laser  exposure  of  the  s^ple  backside 
(10‘^  W  through  a  1  mm^  hole).  When  the  implantation  signal  (i.e.  E3'  after  zero-bias  implantation)  is 
removed  by  annealing,  then  E3''  acquires  by  illumination  more  than  75%  of  the  strength  of  the  imtial 
signal,  whereas  less  than  5  %  of  E3'  itself  is  recovered.  In  contrast,  75  %  of  E3  can  be  effectively 
recovered  in  p^n  samples  by  forward-bias  injection  of  holes  [6].  The  order  of  recovery  of  E3  by  hole 
injection  and  E3"  by  illumination  is  reversible.  Both  signals  lead  to  defects  in  the  singly  positive 


charge  state  as  verified  by  CV  profiling. 

The  annealing  characteristics  suggest  that  two  metastable  configurations  of  implanted  hydrogen 
exist  which  convert  to,  and  can  be  recovered  fi-om,  a  third  configuration  which  is  not  observable  by 
DLTS  in  the  temperature  range  where  it  is  thermally  stable.  This  concealed  configuration  is  in  the 
singly  negative  charge  state  [6]  as  verified  by  comparison  of  CV  profiles  measured  before  and  after 
annealing.  Further  evidence  for  the  connection  between  E3'  and  E3"  is  presented  in  Fig.  2  The 
saturation  of  the  E3'  signal  as  a  function  of  the  duration  of  the  forward-bias  injection  is  shown. 
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together  with  the  sum  E3’  +  E3”.  The  graphs  indicate  the  decrease  of  the  amount  of  E3”  that  can 
be  generated  concurrent  with  the  E3  ’  saturation. 

It  is  a  crucial  point  that  the  annealing  /  recovery  cycle  of  E3'  is  associated  with  enhanced  difiusion 


of  hydrogen.  This  is  illustrated  in  Fig.  3  where 
CV  donor  profiles  obtained  before  and  after 
annealing  of  E3'  is  compared.  After  the  fourth 
annealing  /  injection  cycles  an  E3'  DLTS  profile 
was  also  measured.  This  profile  is  included  in  the 
figure  and  reveals  that  hydrogen  is  now  dispersed 
over  the  entire  depletion  region  of  the  diode  in 
accordance  with  the  CV  profiles.  In  contrast, 
recycling  of  E3"  by  successive  bias  removals  and 
light  exposures  occurs  without  redistribution  of 
hydrogen.  However,  already  dispersed  hydrogen 
shows  in  the  spatial  distribution  of  E3". 

The  principal  results  regarding  the  annealing 
kinetics  of  the  E3'  centre  have  been  presented 
previously  [6]  the  zero-bias  annealing  is 
governed  by  a  thermally  activated  jump  of 
hydrogen  away  from  a  metastable  location  in  the 
lattice,  the  annealing  stage  is  associated  with  a 
neutral  E3'  centre  capturing  one  electron.  Also, 
the  reverse-bias  annealing  of  the  E3'  centre  is 
governed  by  a  first  order  process  with  an 
activation  enthalpy  AH  =  0.44±0.01  eV  and  pre¬ 
exponential  factor  V  »  1.3x10*  s'*  [6].  The  value 


Time  [s] 

Kg.  2  Generation  of  E3"  on  top  of  E3'  by  Ulumination. 
Signal  strengths  are  shown  as  a  fimction  of  injection 
time  for  E3'  at  1.5  Acm'^  current  density  and 
normalised  to  the  initial  E3"  signal  as  generated  after 
zero-bias  annealing  prior  to  injection. 


of  the  pre-exponential  factor  indicates  that  diffusion  may  be  involved.  Just  as  in  the  case  of  zero-bias 
aimealing,  both  E3'  and  E3"  signals  can  be  recovered  after  the  annealing.  This  indicates  that  zero-bias 
and  reverse-bias  annealing  of  E3'  eventually  leads  to  identical,  or  very  similar,  negatively  charged 


centres. 


The  reverse-bias  annealing  stage  can  be 
associated  with  the  trapping  of  migrating  H*  on 
natural  occurring  oxygen  impurities.  This 
pertains  to  both  CZ  and  FZ  silicon  as  can  be 
inferred  from  Fig.4  where  CZ  and  FZ  isochronal 
annealing  data  are  compared  In  the  analysis  the 
activation  enthalpy  for  H^  jumping  in  the  lattice  is 
fixed  to  the  value  AH  =  0.44  eV  deduced  from 
the  isothermal  data.  In  this  way  the  fits  to  the 
experimental  data  depend  only  on  the  pre¬ 
exponential  factors  which  should  come  out 
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proportional  to  the  oxygen  concentration,  if  we 
can  assume  that  natural  interstitial  oxygen  make 
up  the  principal  sinks  for  trapping  of  migrating 
hydrogen.  The  shift  between  the  CZ  and  FZ 
annealing  temperatures  shown  is  in  agreement 
with  this  assumption.  Moreover,  their  absolute 
values  may  be  assessed  linking  the  rate  constant 
of  annealing  to  the  long-range  diffusion  constant. 


Depth  [pm] 

Kg.  3  Recovery  after  zero-bias  atmealing.  CV  profiles 
revealing  the  injection-induced  migration  of  hydrogen. 
As-implanted  (triangles),  after  first  annealing  and 
injection,  (squares),  after  fourth  aimealing  and 
injection,  (circles),  and  E3’  DLTS  profile  after  fourth 
aimealing  and  injection  ( filled  circles). 


The  analysis  results  in  a  trapping  radius  of  Rtrap « 
3  A,  which  is  a  reasonable  magnitude. 


As  mentioned  earlier,  the  E3"  centre  in  the  neutral  charge  state  is  essentially  unstable  in 
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comparison  with  E3'.  The  graphs  depicted  in  Fig.  5  demonstrate  that  E3"  converts  thermally  to  E3  m 


FZ  material  of  low  dopant  density.  The  E3' 
intensity  was  recorded  after  completion  of  each 
step  in  an  isochronal  annealing  sequence  under 
reverse-bias.  Prior  to  each  step  (n)  the  E3'  from 
the  previous  step  was  removed  by  zero-bias 
annealing  at  105  K,  whereafter  the  E3"  signal 
was  retrieved  by  light  exposure.  The  plot  of 
ingrown  E3'  is  normalised  to  the  strength  of  E3" 
regenerated  prior  to  each  step.  In  addition,  the 
isochronal  intensity  ratios  E3"(n)+E3'(n) 
normalised  in  the  same  way  are  shovra,  together 
with  the  ratios  E3'(n)/E3'(n-1)  obtained  for 
another  diode  in  the  same  annealing  sequence. 
The  ingrowth  of  E3'  from  E3"  and  its  subsequent 
annealing  have  been  analysed  assuming  a  two- 
step  process  in  which  the  E3"  anneal  is  governed 


Temperature  [K] 


by  a  single  jump.  We  use  the  constants  of  the  E3' 
annealing  as  fixed  parameters  in  the  analysis  and 
fix  the  pre-exponetial  factor  of  the  E3"  aimealing 
to  10*^  s'*.  The  model  explains  the  bell-shaped 
ingrowth  of  E3'  with  AHe3*  =  0.75±0.15  eV  as  a 
conservative  estimate  for  the  activation  enthalpy. 

According  to  our  analysis  and  discussion 

above  the  annealing  of  E3'  and  E3"  leads  to  a  common  state.  We  have  investigated  the  annealing  of 
that  state  and  find  that  it  anneals  at  about  260  K  in  CZ  silicon  and  230  K  in  FZ  silicon. 


Fig.  4  (a)  The  E3'  isochroal  annealing  in  FZ  and  CZ 
silicon.  Data  for  different  10  ncm  CZ  diodes  (  squares), 
different  60  ncm  FZ  diodes  (triangles)  and  the  a  10 
ncm  FZ  diode  (circles)  are  shown.  The  fits  have  been 
obtained  with  aH  =  0.44  eV  from  isothermal  data. 


Discussion 

As  already  mentioned,  the  E3'  signal  has  been  assigned  previously  to  the  deep-donor  level  of  bond- 
centred  hydrogen  [3-6];  i.  e.  to  the  transition  ir(BC)  ^  H^(BC)+  e^b.  The  observation  of  two 
closely  spaced  deep-donor  levels,  one  associated  with  E3'  and  one  associated  with  E3",  raises  the 


question  whether  the  previous  interpretation  of 
E3'  is  affected.  We  introduce  the  qualitative 
configuration  scheme  depicted  in  Fig.  6.  This 
scheme  contains  the  main  features  agreed  upon 
theoretically.  The  consensus  is  that  and  H* 
have  minimum  energy  at  the  BC  site  and  H"  at  the 
T  site.  In  addition  several  authors  predict  a 
metastable  configuration  of  h"  at  either  an 
antibonding  site  or  the  interstitial  tetrahedral  site, 
see  Ref  [2]  and  references  therein  for  details. 

The  scheme  relates  the  E3'  signal  to  the 
ionisation  of  at  the  BC  position  and  exhibit,  as 
a  main  feature,  the  prediction  that  ^(BC)  is 
metastable  in  n-type  silicon  with  a  fairly  low 
barrier  for  transforming  to  Fr(T).  The  charge- 
state-converting  zero-bias  annealing  observed 
may  therefore  be  anticipated  if  E3'  is  associated 
with  the  BC  site.  Also,  in  accordance  with 
experiment,  the  scheme  indicates  an  annealing 
process  that  is  governed  by  a  single  atomic  jump 
followed  by  the  capture  of  a  conduction  electron. 


Temperature  [K] 

Fig.  5  The  thermal  conversion  from  E3”  to  E3’ 
measured  for  two  different  diodes  and  modelled  as 
explained  in  the  text.  Circles  represent  grown-in  E3’, 
squares  E3”  annealing,  and  triangles  E3’  annealing. 
An  activation  barrier  aH  =  0.75±0.05  eV  results. 
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Since  our  annealing  data  do  not  exhibit  any  significant  dependence  on  sample  resistivity  we  conclude 
that  the  rate-limiting  step  is  to  overcome  the  barrier  in  the  H®  total-energy  surface  rather  than  a 
capture  process.  The  scheme  also  indicates,  how  the  observed  redistribution  of  hydrogen  during  the 
regeneration  of  E3'  by  hole-injection  may  be 
understood.  The  redistribution  ean  be  accounted 
for  by  a  sequence  of  processes  where  holes  are 
captured  to  form  neutral  interstitial  hydrogen, 
expected  to  be  highly  mobile  in  the  open  regions 
of  the  lattice,  with  subsequent  recapture  of 
electrons  at  T-sites  competing  with  jump  to  a 
BC-sites.  We  may  envisage  this  as  charge-state 
controlled  diSusion  with  a  flat  pathway  in  the  H** 
potential  leading,  eventually,  to  the  formation  of 
^(BC)  and  thereby  recovery  of  E3'.  In  the 
scheme  is  further  indicated  a  barrier  for  H* 
jumping  out  of  the  BC  site.  We  identify  this 
barrier  with  that  of  the  difiusion-to-sink  model 
for  the  E3'  reverse-bias  annealing. 

The  observation  of  two  closely  spaced  deep- 
donor  levels  of  hydrogen,  one  associated  with 
E3'  and  one  associated  with  E3",  raises  the 
question  of  how  to  incorporate  the  E3"  centre 
consistently  in  the  scheme.  A  straight-forward 
interpretation  compatible  with  the  observed 
annealing  characteristics  of  E3"  would  be  to 
introduce  a  second  donor  state  in  the  low-density 
area  of  the  crystal  with  a  barrier  (  0.75  eV  ) 

opposing  the  conversion  to  H^(BC),  and  essentially  no  barrier  opposing  the  conversion  to  H'(T) 
when  conduction  electrons  are  made  available.  If  a  donor  state  with  these  characteristics  exists  it 
could  be  formed  by  light-enhanced  emission  from  the  acceptor  state  ir(T)  during  reverse-bias  with 
the  implication  that  the  time  spent  in  the  H®(AB  or  T)  state  must  be  short  compared  to  the  time 
needed  for  conversion  to  H®(BC).  Such  a  process  would  comply  with  our  observation  of  an  almost 
instantaneous  generation  the  E3"  signal  by  illumination,  with  only  very  little  E3'  generated 
simultaneously.  The  trouble  with  this  interpretation  is  to  understand  physically  how  metastable 
interstitial  hydrogen  in  the  low-density  area  of  the  crystal  can  be  positively  charged,  even  in  a  diode 
space-charge  layer.  Intuitively,  one  would  expect  such  a  state  to  capture  an  electron  from  the  valence 
band.  Furthermore,  the  similarity  of  the  E3'  and  E3"  levels  would  be  fortuitous.  An  alternative 
interpretation  would  be  that  E3'  and  E3"  both  represent  bond-centre  hydrogen  with  E3"  destabilised 
as  a  consequence  of  an  altered  relaxation  around  the  centre.  Different  relaxation’s  for  E3'  and  E3" 
could  arise  because  the  centres  are  produced  differently.  However,  without  a  perturbing  adjacent 
defect  it  is  difficult  to  understand  how  the  conversion  E3"  E3'  restoring  such  relaxation  can  be 

opposed  by  a  barrier  as  high  as  0.75  eV. 

Nevertheless,  it  is  attractive  to  envisage  E3"  as  destabilised  form  of  E3'.  If,  like  the  observed 
migration  of  hydrogen  during  forward-bias  recovery  of  E3',  we  can  assume  that  fast  diffusion  also 
occurs  during  implantation  and  zero-bias  annealing  we  may  associate  E3'  with  the  unperturbed  bond- 
centre  site  for  hydrogen,  and  E3"  with  a  perturbed  form  of  that  site,  or  vice  versa.  In  accordance 
with  the  minute  likelihood  of  implanted  hydrogen  coming  at  rest  close  to  a  vacancy  or  a  self¬ 
interstitial  generated  in  its  own  collision  cascade  we  rule  out  at  once  that  E3"  could  be  a  simple 
vacancy/interstitial  associated  defect. 

The  most  obvious  candidate  for  a  trap  is  oxygen.  Even  in  FZ  material  the  diffusion  range  needed 
to  form  a  perturbed  centre  directly  during  implantation  is  only  »  0. 1  pim,  to  be  compared  vrith  an 
implantation  straggling  of  »  0.4  |im.  A  diffusion  range  of  that  order  would  not  be  revealed  in  the 


Kg.  6  Sketch  total-energy  diagram  for  tf,  H°  and 
H"in  n-type  silicon  to  illustrate  the  annealing- 
recovery  scenario  discussed  in  the  text.  The  arrows 
indicate  (a)  E3'  emission,  (b)  E3'  zero-bias- 
annealing,  and  (c)  E3'  reverse-bias  aimealing. 
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measured  profiles.  Therefore,  direct  trapping  at  oxygen  can  neither  be  ruled  out  nor  verified.  We 
emphasise  that  E3"  forms  in  full  strength  after  the  first  zero-bias  annealing  subsequent  to  fiie 
implantation,  therefore,  if  the  formation  involves  diflfusion  to  a  tr^  (oxygen)  this  must  imply  that 
migration  through  the  lattice  is  much  faster  than  the  capture  ir(AB  or  T)  ->  Hr(T).  Ancrther 
implication  would  be  that  the  recovery  centre  for  E3'  and  E3"  is  most  likely  a  perturbed  form  of  the 

acceptor  state  H'(T).  _  . 

We  must  conclude  that  the  incorporation  of  E3"  in  the  defect  scenano  remains  an  unresolved 
puzzle  We  maintain  (from  the  correlation  with  EPR  data  [5])  that  E3'  rather  than  E3"  represents 
normal  bond-centre  hydrogen.  Clearly  oxygen  plays  a  role  in  the  annealing/recoveiy  scenana  ^r 
data  strongly  suggest  that  oxygen  and  hydrogen  interact  during  the  reverse-bias  annealing  of  E3  It 
is  very  difficult  to  explain  the  shift  in  annealing  stage  between  CZ  and  FZ  samples  in  any  other  way 
than  diffusion  of  interstitial  hydrogen  to  an  oxygen  trap.  Regarding  the  reservoir  annealing  we 
suggest  a  scenario  in  which  encounters  between  hydrogen  and  oxygen  delay  the  inigration  of 
interstitial  h"  released  fi-om  H'(T)  (or  a  perturbed  version  of  that  centre).  This  scenario  is  attractive, 
although  undeniably  very  tentative,  because  the  slowing  down  of  hydrogen  mgration  could  be 
associated  with  speeding  up  of  oxygen  migration.  Indeed,  as  briefly  mentioned  in  the  introduction 
enhanced  oxygen  diffusion  has  been  observed  in  hydrogen-rich  silicon.  If  the  structures  associated 
with  the  weak  transient  bonding  of  hydrogen  and  oxygen  indicated  by  the  annealiiig  data  can  be 
revealed  (by  infrared  absorption)  it  may  give  a  clue  to  answering  the  important  question  of  how  the 
experimentally  established  enhanced  diffusion  of  oxygen  in  hydrogenated  silicon  is  catalysed. 
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Abstract.  First  principles  calculations  are  carried  out  on  i)  hydrogen  and  ii)  water 
molecules  trapped  near  an  interstitial  oxygen  atom  in  Si.  We  find  that  it  is  possible  for 
these  molecules  to  cause  an  upward  shift  in  the  antisymmetric  stretch  mode  of  0,-  when  H 
is  replaced  by  D,  which  could  explain  the  anomalous  shift  in  the  1075  cm"^  0-H  related 
local  vibrational  mode.  Both  these  molecules  lead  to  modes  in  the  3500-4000  cm“^  region 
but  those  of  the  H2  lie  close  to  those  recently  detected  using  Fourier  transform  infra-red 
spectroscopy. 


Introduction 

Evidence  that  the  diffusivity  of  oxygen  in  Si  around  350-450°  C  is  enhanced  by  H  comes  from  an 
increased  generation  rate  for  thermal  double  donors  [1],  and  in  the  decrease  in  the  activation 
energy  for  0  reorientation  between  the  (111)  bond  centre  (BC)  sites  occupied  by  the  0  atom 
[2].  There  are  several  models  of  the  effect  but  they  all  suppose  that  H  sits  close  to  0,  in  a  weakly 
bonded  configuration,  and  forms  a  stronger  bond  when  0  hops  from  one  BC  site  to  another. 
This  stronger  binding  leads  to  a  decrease  in  the  barrier  energy  from  2.6  to  about  1.8  eV. 

Previous  calculations  of  ours  [3]  found  neutral  H  to  be  stable  at  an  anti-bonding  site  to  the  0 
atom.  However  Estreicher  [4]  and  Ramamoorthy  and  Pantelides  [5]  both  found  an  adjacent  BC 
site  to  be  favoured,  with  the  latter  giving  an  energy  difference  of  0.2  eV  with  the  anti-bonding 
site.  In  spite  of  these  differences,  the  theoretical  prediction  of  a  stable  0-H  defect  is  clear  and 
the  first  experimental  observation  of  a  possible  0-H  defect  has  created  much  interest. 

Markevich  et  al.  [6]  diffused  H  into  Cz-Si  at  high  temperature  (900-1200°  C)  and  detected  a 
vibrational  band  at  1075.1  cm“'.  This  band  shifted  upwardshy  1.3  cm“^  in  the  case  of  deuterium, 
implying  the  presence  of  H  in  the  defect.  In  mixed  H,  D  samples,  only  two  modes  were  detected 
suggesting  the  defect  contains  one  H  atom.  The  band  was  not  detected  in  FZ-Si  and  thus  the 
presence  of  oxygen  in  the  defect  was  inferred  from  its  presence  in  the  material.  Assuming  the 
transition  dipole  moment  is  the  same  as  that  of  the  1136  cm”^  interstitial  oxygen  defect,  the 
concentration  of  0-H  pairs  was  estimated  to  be  about  1.1x10^®  cm“®  -  which  is  close  to  the 
equilibrium  concentration  of  atomic  hydrogen  at  1200°C  in  Si  [7].  Thus  during  the  quench  a 
significant  fraction  of  H  is  trapped  by  oxygen. 

The  effect  of  a  heat  treatment  is  unusual.  The  IR  intensity  decreased  between  100  and 
125°C  but  the  defect  reformed  upon  a  subsequent  anneal  at  50°C.  Only  for  temperatures  above 
350°  C  were  the  defects  irreversibly  removed.  No  electrical  activity  was  associated  with  the  0-H 
defect  which  is  surprising  in  view  of  the  fact  that  isolated  H  introduces  a  donor  level  (E3')  at 
Ec  —  -16  eV  and  possibly  a  mid-gap  acceptor  level  [8]. 
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Further  work  has  been  carried  out  by  the  Imperial  College  group  [9].  Here  H  was  introduced 
into  Cz-Si  crystals  17  mm  thick  by  in-diffusion  at  high  temperatures.  The  1075  cm  ^  band 
appears  with  a  broad  background  and  is  composed  of  a  peak  at  1075.1  cm  ^  and  a  shoulder  at 
1075.8  cm“k  In  the  deuterated  case,  the  peak  shifts  upwards  to  1076.6  cm~^  and  the  shoulder  to 
around  1076  cm“h  These  findings,  together  with  data  in  the  mixed  H-D  case,  were  interpreted 
as  showing  that,  contrary  to  the  previous  study,  the  defect  contained  two  H  atoms. 

The  1075  cm“^  displayed  satellite  lines  lying  1.7  and  3.8  cm'\  below  the  main  peak.  Similar 
satellites  are  found  in  the  spectra  of  0;  and  are  due  to  ^^Si-^®0-^®Si  and  ®°Si-^®0-^®Si  defects. 
Moreover,  the  intensities  of  the  1075  cm“*  satellites  were  in  line  with  the  expected  ^®Si  and 
^^Si  isotopic  abundances  (including  a  factor  of  two  for  the  location  of  the  heavier  Si  atom)  and 
confirms  that  0  is  part  of  the  defect  and  is  in  its  normal  BC  location,  ie.  bonded  with  two  Si 
atoms. 

The  infra-red  measurements  also  revealed  sharp  H  related  modes  at  3789,  3731  and  3618  cm 
which  shifted  downwards  by  approximately  a  factor  of  ■\/2  in  the  D  case.  The  3731  and  3789 
modes  are  close  to  those  of  a  water  molecule  (3756  and  3652  cm“*)  and  are  far  away  from  the 
frequencies  ascribed  to  H2  molecules  in  Si  by  Raman  scattering  studies  [10].  These  occur  around 
4158  cm“^  in  hydrogenated,  and  2990  cm“'  in  deuterated,  material. 

Thus  our  first  conjecture  was  that  a  molecule  of  H2O  was  bound  to  0;.  However,  it  became 
clear  that  this  molecule  could  not  explain  the  observed  H-D  modes  which,  in  our  opinion,  can 
only  be  explained  by  a  hydrogen  molecule.  This  then  leads  to  the  question  of  their  infra-red 
activity.  However,  there  are  several  reports  of  infra-red  activity  of  H2  absorbed  onto  zeolites 
such  as  NaA  [11];  the  H2  mode  is  shifted  downwards  from  its  gas  value  by  83  cm"^  as  well 
as  being  infra-red  active.  The  explanation  given  is  that  the  local  electrical  field  polarises  the 
molecule,  so  that  the  H  atoms  become  inequivalent  and  their  separation  slightly  longer  than 
in  the  gas.  Other  workers  find  downward  shifts  of  200  cm“^  [12]  but  even  these  are  much  less 
than  the  543  cm“^  required  here.  There  are,  however,  other  cases,  notably  involving  a  transition 
metal,  where  large  downward  shifts  in  the  H2  mode  occur  and  the  molecule  becomes  IR  active 
[13].  However,  these  molecules  are  not  especially  stable. 

A  further  finding  [9]  is  that  the  higher  two  modes  at  3789  and  3731  cm  ^  are  associated 
with  0  but  the  third  is  not.  Upon  annealing,  there  is  a  drop  in  the  intensity  of  the  two  higher 
modes  and  a  correlated  increase  in  the  intensity  of  the  lowest.  The  suggestion  was  made  that 
the  molecule  is  trapped  in  two  distinct  but  energetically  similar  sites  near  0;  and  these  give  rise 
to  the  two  higher  modes.  Upon  annealing  the  molecule  drifts  away  to  a  third  site,  responsible 
for  the  lowest  mode.  This  third  site  is  possibly  associated  with  a  another  impurity  such  as  C, 
N  or  a  transition  metal.  Of  great  importance  is  the  fact  that  only  one  H-D  mode  is  detected 
for  each  defect  showing  the  H  atoms  are  equivalent. 

We  shall  in  this  paper  discuss  possible  mechanisms  for  the  anomalous  increase  in  frequency 
for  the  1075  cm“*  0  related  mode.  We  use  an  ab  initio  local  density  functional  cluster  method 
(AIMPRO)  to  evaluate  both  the  structure  of  the  defects  and  their  vibrational  modes.  Typically 
134  or  151  atom  clusters  centred  on  a  Si  atom  or  on  a  Ta  interstitial  site  were  used.  Details 
of  the  technique  have  been  given  elsewhere  [14]  and  a  previous  application  has  dealt  with  H2 
molecules  in  GaAs  where  the  molecule  is  found  to  lie  at  a  Tj,  cage  site  [15]. 

We  first  discuss  our  findings  relating  to  a  H2  molecule  close  to  0,-  and  then  discuss  the  case 
of  a  water  molecule. 

Hydrogen  Molecule 

There  are  several  obvious  locations  for  the  molecule  close  to  0;  but  since  the  binding  between 
the  molecule  and  the  0  atom  is  so  weak,  these  are  close  in  energy  and  difficult  to  distinguish. 
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Furthermore,  it  seems  that  there  are  a  large  number  of  configurations  differing  in  the  orientation 
of  the  molecule  and  all  of  these  have  to  be  considered  as  candidate  structures. 

We  suppose  that  the  molecule  resides  near  the  site  and  oxygen  decorates  one  of  the 
nearby  Si-Si  bonds.  There  are  two  almost  degenerate  low  energy  configurations  which  have 
similar  modes.  We  first  consider  the  case  when  the  O  atom  bridges  a  [111]  Si-Si  bond  forming 
part  of  the  surrounding  cage  as  shown  in  Fig.  1.  The  centre  of  the  molecule  in  the  relaxed 
configuration  then  lies  near  a  mirror  plane  containing  the  Si-O-Si  bonds  and  is  oriented  along 
[110],  ie.  perpendicular  to  the  Si-O-Si  bond  and  the  mirror  plane.  The  0-Si  bonds  are  1.62  A  and 
the  Si-O-Si  angle  is  172.5°.  The  H2  bond  length  is  0.77  A  with  both  H  atoms  about  2.37  A  away 
from  0;.  Each  H  atom  lies  2.55  and  2.99  A  away  from  thmSi'mgighbours  of  0;.  The  vibrational 
modes  of  the  cluster  are  given  in  table  1. 

The  H2  stretch  mode  at  3855  cm“^  is  lower  than  that  calculated  for  an  isolated  molecule. 
With  the  present  method,  this  occurs  at  4424.8  cm“’;  about  10%  higher  than  the  observed 
value,  although  anharmonicity  must  play  a  significant  role  in  this  overestimate.  The  molecular 
frequency  depends  on  the  size  of  the  surrounding  cage.  The  3855  cm~^  mode  lies  close  to  the 
experimental  modes  around  3750  cm~’  associated  with  oxygen.  The  two  H  atoms  are  almost 
equivalent  and  this  explains  why  only  one  H-D  mode  is  present  although  the  calculations  show 
a  10  cm“’-  splitting  caused  by  deviations  from  ideal  symmetry. 

The  mode  at  1129.8  cm”^  is  clearly  due  to  0;  as  it  shifts  downwards  by  only  0.3  cm”^  when 
D  replaces  H  but  by  52  cm“‘  with  This  is  comparable  with  the  51  cm“^  shift  observed  in  the 
1136  cm“^  mode  of  0;  when  replaces  ^®0.  The  small  downward  shifts  with  D  demonstrate 
that  there  is  very  little  direct  coupling  between  0,-  and  the  molecule  and  this  is  essential  to  our 
arguments,  based  on  anharmonicity,  if  an  upward  shift  is  to  be  seen  in  the  deuterated  case.  It 
is  not  clear  why  the  experimental  0  mode  is  shifted  downwards  by  as  much  as  65  cm“^  from 
that  of  isolated  0;. 

The  modes  at  733  to  577  all  involve  the  movement  of  H  and  none  has  been  detected  so 
far.  They  represent  H2  bend  and  librational  modes.  Their  shifts  with  given  in  table  1 
demonstrate  that  many  of  them  involve  the  movement  of  0. 

,  Of  particular  interest  here  is  the  mode  at  577  cm“*.  This  represents  a  librational  mode  as 
the  two  H  atoms  are  displaced  almost  parallel  to  their  bond.  We  now  argue  that  the  anomalous 
frequency  shift  of  the  1075  cm“^  band  is  to  be  understood  through  an  anharmonic  coupling 
between  an  overtone,  or  combination  band,  of  these  low  frequency  modes  and  the  0  mode 
resulting  in  a  Fermi  resonance.  Let  |nox  >  be  the  n’th  oscillator  state  for  the  vibrations  of  the 
oxygen  atom  whose  fundamental  occurs  at  i/q  =  1129.8  cm^\  and  \mn  >  be  the  m’  th  state 
for  a  mode  whose  frequency,  //jj,  is  about  half  that  of  the  O,-  mode,  ie.  the  modes  in  the  region 
of  550  cm  The  states  of  the  coupled  system  are  then  described  by  linear  combinations  of 
|«Ox,  mil  >.  The  effect  of  anharmonicity,  V,  is  to  couple  together  these  states  and  second  order 
perturbation  theory  gives  the  shift  in  the  energy  of  the  |1ox,0h  >  state  to  be  dominated  by 

<  foxi0H|F|0ox,2H 
(l/Q  —  2t/H) 

This  follows  as  the  energy  denominator  is  particularly  small  for  these  modes.  The  perturbation 
is  negative  for  the  577  cm“*  mode  and  lowers  the  energy  of  the  jlox,  Oh  >  state,  and  hence  that 
of  the  fundamental  transition.  On  the  other  hand,  when  H  is  replaced  by  D,  as  the  frequency  of 
this  mode  drops  below  575  cm“\  then  the  perturbation  acts  to  raises  the  energy  of  the  state. 
Thus  the  two  cases  reinforce  the  tendency  to  depress  the  0  mode  in  the  H  case  below  that  of  D. 
Another  ways  of  describing  the  effect  is  an  anti-crossing  between  the  0  mode  and  an  overtone 
of  the  librational  mode.  If  this  mechanism  is  correct,  there  has  to  be  unreported  modes  in  the 
550  cm“*  region. 
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Although  the  Fermi  resonance  explains  the  anomalous  isotope  shift  of  the  0;  mode  there 
remains  the  problem  of  its  infra-red  activity.  However,  during  the  stretching  of  the  H-H  bond, 
there  is  a  slight  displacement  of  the  0  atom  and  this  causes  an  induced  dipole  moment.  We 
have  calculated  this  by  determining  the  change  in  the  dipole  moment  of  the  cluster  when  the 
atoms  are  displaced  in  line  with  the  normal  coordinates  of  each  mode.  The  magnitude  of  the 
transition  dipole  moment,  6p,  is  given  in  the  last  column  of  table  1.  The  integrated  infra-red 
intensity  is  then  proportional  to  the  square  of  this  quantity.  We  find  the  most  intense  mode 
to  be  the  0  mode  at  1130  cm“h  Its  effective  charge  would  be  y/MoSp  or  about  1.4  e.  This  is 
about  one-third  of  the  known  value  and  this  underestimate  may  either  be  a  basis  effect  or  due  to 
differences  between  the  local  electrical  field  at  the  defect  and  the  macroscopic  field.  Assuming 
the  latter,  then  the  integrated  intensity  of  the  3856  cm"*  H2  mode  can  be  related  to  that  of 
the  0  mode.  We  find  that  it  is  about  4%  of  the  0  related  1130  cm"*  mode.  The  observations 
[9]  give  the  effective  charges  of  each  of  the  H  modes  to  be  about  O.le  (M  =  0.5  a.m.u.)  and 
as  that  of  0;  is  3.5  e,  it  implies  that  the  integrated  intensity  of  the  H  mode  is  2.6  %  of  the  0, 
mode,  and  is  in  reasonable  agreement  with  the  calculation.  However,  the  theory  finds  that  the 
intensity  of  the  655  cm"*  mode  should  be  comparable  with  the  O  stretch  mode. 

We  have  also  investigated  other  positions  for  the  molecule.  A  second  and  almost  degenerate 
configuration  occurs  when  the  molecule  lies  close  to  a  C2  axis  passing  through  0,-.  This  has 
similar  modes  to  the  first  and  could  account  for  the  second  defect  which  is  observed.  A  third 
possibility  is  that  the  molecule  lies  along  the  Si-O-Si  axis  near  a  Td  site.  This  site  is  stable  but 
the  molecule  is  then  close  to  the  Si  neighbour  of  0;  and  this  results  in  an  0  related  mode  that  is 
strongly  coupled  with  H  in  conflict  with  the  experiment.  However,  the  energy  of  this  structure 
appears  to  be  lower  than  that  shown  in  Fig.  1  by  0.5  eV.  This  may  be  a  due  to  the  proximity  of 
Oi  to  the  surface  of  the  cluster  and  further  investigations  are  needed  to  clarify  the  most  stable 
configuration. 


Water  Molecule 

The  0-H  bonds  of  the  isolated  molecule  are  calculated  to  be  0.96  A  and  H-O-H  angle  equal  to 
107.9°.  These  are  close  to  the  experimental  values  of  0.957  A  and  104.5°.  The  vibrational  modes 
are  given  in  table  2  and  compared  with  the  experimental  values  [16]. 

We  notice  that  although  the  two  0-H  stretch  modes  at  3521.6,  3352.1  (H2)  and  2571.8, 
2432.7  (D2)  cm"*  lie  close  to  those  observed  in  Si,  there  is  no  mode  in  the  HDO  case  lying  in 
the  region  mid-way  between  these  values.  This  is  because  there  is  little  direct  coupling  between 
the  H  atoms.  Thus  the  observed  H-D  modes  around  3300  cm"*  cannot  be  explained.  This 
argument  is  now  shown  to  be  unaffected  by  inserting  the  molecule  into  a  cluster  containing  an 
Oi  defect. 
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The  0-H  lengths  and  angle  of  the  water  molecule  placed  near  an  interstitial  site  are 
0.99  A  and  109°.  The  effect  of  the  cluster  is  then  to  weaken  the  0-H  bonds.  This  molecular 
species  is  probably  metastable  and  would  in  practice  dissociate  forming  H2  and  0,  defects. 
The  local  modes  are  given  in  table  2  and  demonstrate  the  absence  of  any  H-D  mode  around 
3000  cm“^. 


Table  1:  Local  vibrational  modes  (cm“*),  and 
transition  dipole  moment,  6p,  a.u.,  for  the 
.(H2)i,  '■^0,  complex  (unless  otherwise 
labelled). 

The  mode  at  1100  cm“^  is  the  antisymmetric  stretch  mode  of  0^.  This  drops  by  54  cm“^ 
for  —  the  oxygen  mass  on  the  water  remaining  ^®0.  We  notice  that  in  the  D2  case,  the 
1512  cm“^  bend  mode  drops  and  couples  strongly  with  the  1100  cm“'  0,-  mode.  In  fact  the  two 
modes  at  1095  and  1115  cm“^  involve  substantial  amplitude  on  0,-.  This  can  be  seen  as  these 
modes  shift  to  1111  and  1044  cm~*  for  For  a  fictional  mass  on  the  hydrogen  atoms  of  2.5 
a.m.u,  the  bend  mode  of  water  lies  at  1011.7  cm"'  and  below  that  of  the  0;  mode  which  has 
been  pushed  upwards  to  1100.6  cm"'.  This  demonstrates  that  a  molecule  of  water  can  cause  an 
upward  displacement  of  the  local  mode  due  to  0;  in  favourable  cases.  However,  as  emphasised 
above,  the  observed  H-D  vibrational  modes  rule  out  this  molecule  as  responsible  for  the  effect. 

Discussion 

The  calculations  have  shown  that  a  H2  molecule  is  stable  in  two  almost  degenerate  configu¬ 
rations  near  0,-  and  possesses  a  H-H  stretch  mode  whose  frequency  is  much  lower  than  the 
gas  value.  This  mode  is  very  weakly  coupled  with  the  antisymmetric  stretch  mode  of  0,  which 
causes  it  to  become  infra-red  active.  The  anomalous  upward  shift  of  the  0-mode  with  D  can 
be  explained  through  a  Fermi  resonance  interaction  with  librational  modes  of  the  molecule 
around  530  cm  '.  Such  modes  have  not  been  reported  and  experimental  investigations  in  this 
region  are  called  for.  The  fact  that  only  one  H-D  mode  is  reported  shows  that  the  H  atoms  are 
equivalent.  These  two  degenerate  configurations  would  explain  the  experimental  observation  of 
two  close  vibrational  modes  [9] .  This  assignment  raises  a  question  over  the  interpretation  of  the 
modes  attributed  to  H2  seen  in  plasma-irradiated  material  at  4158  cm"'  [10].  Our  calculations 
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3519.2 

2571.8 

3521.6 

3352.1 

2560.3 

2444.2 

2432.7 

3352.1 

1512.3 

1373.0 

1309.6 

1114.7 

1512.3 

1100.3 

1100.1 

1099.2 

1095.3 

1046.4 

723.5 

689.4 

697.6 

682.5 

723.0 

708.6 

681.6 

653.2 

651.6 

708.5 

659.6 

616.0 

617.0 

594.8 

659.6 

591.2 

576.4 

580.9 

576.4 

591.1 

Free  Water 

Experiment 

3756 

3707 

2788 

3657 

2727 

2671 

1595 

1402 

1178 

This  work 

3755 

3710 

3708 

2752 

3659 

2691 

2692 

2635 

1574 

1380 

1379 

1153 

Table  2:  Local  vibrational  modes  (cm"'), 
for  the  (H2'®0)i  molecule  (with  '®06o 
nearby,  unless  otherwise  labelled). 
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show  that  the  frequency  of  the  molecule  increases  rapidly  with  the  size  of  the  surrounding  cage 
and  we  suggest  that  the  latter  defects  are  molecules  inside  voids  created  by  plasma  etching. 

The  question  arises  as  to  whether  the  molecule  influences  the  migration  of  0^.  It  seems 
difficult  to  give  a  mechanism  based  on  the  proximity  of  the  molecule.  If  the  molecule  temporarily 
dissociated  for  a  time  long  enough  for  an  enhanced  migration  of  Oi  to  occur  by  coupling  with 
atomic  H,  then  the  activation  barrier  for  the  molecular  dissociation  would  have  to  be  lower 
than  1.8  eV.  Since  it  is  believed  that  the  dissociation  energy  for  the  reaction  2f/'BC,  is 

1.74  eV  [17]  then  this  seems  unlikely  as  the  barrier  to  the  dissociation  would  have  to  be  greater 
than  this.  0;  however  acts  as  a  trap  for  the  molecule  and  this  might  be  important  in  processes 
involving  oxygen  precipitation  which  at  some  unknown  stage  involve  the  production  of  Si;. 
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Abstract.  IR  absorption  spectra  of  CZ  silicon  heat  treated  in  H2  gas  show  absorption  at 
1075  cm-1  due  to  perturbed  interstitial  oxygen  atoms.  Three  weak  hydrogen  stretch  modes 
at  3789,  3731  and  3618  cm-1  are  also  detected  and  the  two  highest  frequency  modes  are 
found  to  correlate  in  strength  with  the  1075  cm'i  absorption.  For  deuterated  samples  and 
samples  heated  in  a  H2/D2  mixture,  Vdd  and  Vhd  analogues  are  detected  for  all  three 
modes.  The  frequencies  of  these  lines  and  their  isotopic  shifts  indicate  that  the  defect 
centres  responsible  must  be  hydrogen  molecules  with  weakened  bonds  that  acquire  small 
dipole  moments  as  a  result  of  interactions  with  either  adjacent  Oi  atoms  (Vi  and  V2 
centres)  or  a  second  impurity/defect  (V3  centres).  Annealing  treatments  imply  that  the  Oi 
-FI2  complexes  dissociate  for  T  >  70°C  and  the  resulting  Fl2  molecules  either  diffuse  to 
interstitial  sites  (IR-inactive  centers)  or  to  sites  where  additional  V3  defects  are  formed. 

Introduction. 

Defect  centres  present  in  Czochralski  (CZ)  silicon  pre-heated  in  hydrogen  gas  at  ~1200°C 
give  rise  to  infrared  (IR)  vibrational  absorption  at  1075.1  cm-k  It  has  been  demonstrated 
that  hydrogen  atoms  are  incorporated  in  these  defects  since  the  absorption  shifts  to  1076.6 
cm-l  when  samples  are  pre-heated  in  deuterium  gas  [1].  These  absorption  features  are  not 
detected  in  low  oxygen  content  float-zone  (FZ)  silicon  samples  suggesting  that  oxygen  is 
also  a  constituent  of  the  centre  [1]. 

We  now  show  that  the  1075  cm-l  absorption  is  due  to  bond-centred  interstitial  oxygen 
atoms  (Oi)  perturbed  by  an  adjacent  hydrogen  molecule,  an  Oi  -H2  complex,  rather  than  a 
hydrogen  atom.  Using  high  resolution,  very  low  noise  IR  absorption  spectroscopy,  we 
demonstrate  that  these  molecules  acquire  dipole  moments  and  give  rise  to  two  weak  high 
frequency  vibrational  modes  as  a  result  of  interactions  with  the  adjacent  Oj  atoms. 
Detection  of  a  third  high  frequency  absorption  mode  from  perturbed  hydrogen  molecules 
in  both  CZ  and  FZ  Si  indicates  that  these  molecules  are  trapped  at  sites  adjacent  to  an 
unknown  defect  centre  (X). 

Experimental  Details. 

High  quality  as-grown  CZ  Si  ([Oi]  ~10l3  cm'3)  lightly  doped  to  5  x  10^4  cm-3  with  either 
boron  or  phosphorus  and  with  carbon  concentrations  below  the  detection  limit  of  2  x  IQl^ 
cm-3  were  prepared  as  samples  with  thicknesses  from  3  to  17  mm.  The  samples  were 
heated  in  the  range  1000-1300°C  in  either  H2,  D2  or  mixtures  of  the  two  gases  at 
atmospheric  pressure  and  then  cooled  rapidly  by  dropping  them  into  silicone  oil  at  room 
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temperature  or  they  were  heated  in  a  quartz  tube  that  was  withdrawn  rapidly  from  the 
furnace  and  plunged  into  water.  One  of  the  17  mm  thick  hydrogenated  samples  was  given 
low  temperature  isochronal  annealing  treatments  (10  min)  in  the  range  70  -370  °C. 

Samples  of  high  resistivity  FZ  Si,  boron-doped  CZ  Si  ([B]  =  7x1016  cm-3)  and  phosphorus- 
doped  CZ  Si  ([P]  =  2x1016  cm-3)  were  also  given  high  temperature  annealing  treatments. 
Fourier  transform  infrared  (FT-IR)  absorption  spectra  were  measured  (10  K)  with  a  Bruker 
IFS  113v  operated  at  a  resolution  of  0.1  cm-l. 

Results. 

Vibrational  absorption  from  perturbed  Oi  atoms. 

Figures  la  and  lb  show  vibrational  absorption  from  hydrogenated  and  deuterated  lightly- 
doped  CZ  Si  samples  respectively.  The  localised  vibrational  mode  (LVM)  at  1084.9  cm-l, 
with  two  associated  low  energy  satellite  features,  is  due  to  isolated  l^Oi  atoms  and  the 
LVM  at  1077.5  cm-l  is  due  to  l^Oi  atoms  in  their  first  excited  pseudo-rotational  state  [2]. 
The  hydrogen-related  feature  (Fig.la)  has  a  peak  at  1075.1  cm-l  and  a  high  energy 
shoulder  at  1075.8  cm-l.  gy  deconvoluting  these  features  into  two  Voigt  profiles  [3],  the 
relative  strengths  (Ph  ■  Sh)  is  found  to  be  3:1  for  a  number  of  samples.  For  deuterated 
samples,  the  main  peak  shifted  to  1076.6  cm-l  with  an  unresolved  low  energy  shoulder 
close  to  1076  cm-i.  Deconvolution  of  these  two  features  into  Voigt  profiles  gave 
Pd:Sd=2:1. 

On  closer  inspection,  weak  satellite  features  (Si  and  S2)  are  evident  on  the  low  energy 
sides  of  the  main  deuterium-  and  hydrogen-  related  peaks.  The  separations  of  these 
satellites  from  the  main  peaks  are  close  to  2  cm-i  and  4  cm-l,  similar  to  values  observed  for 
the  weak  satellites  of  the  principal  180i  mode  at  1085  cm-l  and  the  satellite  structure  of  the 
principal  l60i  mode  at  1136  cm-l.  in  the  latter  two  cases,  the  Oi  atoms  are  incorporated 
into  the  Si  lattice  as  interstitial,  bond-centred  impurities  with  two  direct  bonds  to  silicon 
atoms:  the  relative  strengths  of  the  satellites  are  related  to  the  natural  isotopic  abundances 
of  silicon,  namely  28Si  (92.3  %),  29Si  (4.7  %)  and  30Si  (3.0  %)  [2].  The  observation  of  satellite 
structure  for  the  features  Ph  and  Pp  with  the  same  relative  strengths  and  energy 

separations  as  the  satellite  structure 
of  bond-centred  Oi  atoms 
demonstrates  that  the  new  lines  are 
indeed  due  to  the  vibrations  of  a 
bond-centred  160i  atom  perturbed 
by  adjacent  H(D)  atoms. 

IR  absorption  spectra  from  lightly 
doped  CZ  Si  samples  annealed  in  a 
mixture  of  H2  and  D2  gas  are  now 
analysed.  It  was  expected  that  the 
resulting  IR  absorption  near  1075 
cm-l  would  simply  be  a  linear 
addition  of  the  two  spectra  shown 
<  101’3  1080  1085  Pjg  2  appropriate 

Wave  numbers  (cm-i)  proportions.  For  samples  heated  in 

50:50,  75:25  and  25:75  mixtures  of 
Fig.  1.  IR  absorption  spectra  from  CZ  Si  samples  pre-  H2:D2,  it  was  impossible  to 
heated  in  (a)  hydrogen  gas  and  (b)  deuterium  gas.  synthesise  the  observed  spectra 

using  this  procedure.  For  example,  for  the  spectrum  obtained  from  the  sample  heated  in 
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Wave  number  (cm‘^) 

Fig.  2  IR  spectra  of  samples  heated  in  (a)  50:50 
H:D  mixture,  (b)  Hz  gas,(c)  Dz  gas,  plotted  in 
the  strength  ratios  4:l:l.(d)  Spectrum  of  the 
extracted  "HD"  component. 


Wave  number  (cm'^) 


Fig.  3  IR  spectra  for  (a)  the  3  contributions 
from  Hz  ,  Dz  and  HD  pairs,  (b)  synthesised 
spectrum  and  (c)  measured  spectrum. 


the  50:50  H2:D2  mixture  (Fig.  2a),  a  strong  peak  is  observed  at  1076.1  cm'l  (lower  in  energy 
by  0.5  cm-1  than  the  main  D-related  peak)  and  a  weaker  feature  at  Ph=1075.1  cm-k  It  is 
concluded  that  the  perturbation  of  the  Oi  vibrational  modes  cannot  be  due  to  the  presence 
of  a  single  H(D)  atom. 

The  possibility  that  the  Oi  atom  is  perturbed  by  two  equivalent  H  atoms  was  considered 
next.  There  would  be  contributions  to  the  IR  absorption  profile  from  H-H,  H-D  and  D-D 
components:  for  a  50:50  mixed  sample  their  relative  strengths  should  be  25:50:25.  To 
deduce  a  possible  H-D  component,  25  %  each  of  the  H  and  D  spectra  (Figs.  2b  and  c)  was 
subtracted  from  the  experimentally  measured  50:50  mixed  spectrum  (Fig.  2a).  The 
extracted  profile  (Fig.  2d)  is  essentially  a  single  line  at  1076.3  cm-l.  This  H-D  profile  was 
then  used  to  synthesize  spectra  from  samples  annealed  in  75:25  and  25:75  H:D  mixtures. 
Very  close  agreement  between  the  synthesised  and  measured  spectra  (see  Fig.  3  for  75:25 
mixture)  implies  that  the  complex  giving  rise  to  the  absorption  close  to  1075  cm-l  is  due  to 
an  Oi  atom  perturbed  by  two  H  atoms.  The  observation  of  two  components  to  the  IR 
absorption  from  hydrogenated  and  deuterated  samples  (Fig.  1),  suggests  that  two  types  of 
Oi-(H-H)  centres  are  formed  with  slightly  different  structures.  We  now  present  IR 
absorption  measurements  of  the  hydrogen  vibrational  modes  of  these  complexes. 


Direct  observation  of  LVMs  due  to  H-H,  H-D,  and  D-D  pairs. 

IR  spectra  from  the  hydrogenated  lightly  doped  CZ  samples  (thickness  >  5mm)  reveal  the 
presence  of  three  very  weak  but  sharp  (A  =  0.1-0.2  cm-l)  lines  VihH/  V2HH/  and  Vshh  (Fig. 
4  and  Table  1)  in  the  spectral  region  3600  -  3800  cm-1  where  there  is  a  high  spectral  density 
of  absorption  lines  from  atmospheric  water.  In  deuterated  samples,  a  corresponding  set  of 

3  lines  VidD/  V2DD/  and  Vsdd  is  observed  (Table  1)  with  V2DD  occurring  as  a  close  doublet. 
For  samples  heated  in  a  50:50  mixture  of  H2:D2,  all  of  the  Vhh  and  Vdd  modes  are 
detected  but  no  additional  structure  close  in  frequency  to  these  modes  is  found.  However, 
a  further  three  lines  VihD/  V2HD/  and  Vshd  are  observed  with  frequencies  essentially  mid¬ 
way  between  the  Vhh  and  Vdd  modes  (Table  1).  We  shall  show  that  these  observations 
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Fig.  4  High  resolution  IR  spectra  showing  the  high  frequency  hydrogen  stretch  modes  from  H-H 
pair  defects  (Vi,  V2  and  V3).  The  additional  lines  close  to  V2HH  ‘^nd  V3HH  ^^e  due  to  absorption 
from  atmospheric  water  molecules. 


demonstrate  the  presence  of  three  types  of  defect  (Vi,  V2,  and  V3)  each  incorporating  two 
hydrogen  atoms  that  are  bonded  directly  to  each  other. 

For  a  number  of  hydrogenated  samples,  together  with  data  from  the  isochronally 
annealed  sample,  it  was  found  that  the  integrated  absorptions  of  both  Vihh  and  V2HH 
modes  correlated  with  that  of  the  1075  cm-1  absorption.  It  follows  that  the  Vihh  and  V2HH 
modes  correspond  to  hydrogen  modes  of  the  Oi-(H-H)  complexes.  One  of  these  modes 
must  correspond  to  the  peak,  Ph,/  of  If*®  1075  cm'l  absorption  and  the  other  mode  to  the 
shoulder,  Sh-  The  V3HH  mode  showed  a  weak  anti-correlation  with  the  1075  cm-l 
absorption  and  therefore  should  be  associated  with  H-H  centres  located  at  sites  remote 
from  Oi  atoms.  This  latter  proposal  was  verified  by  the  detection  of  V3HH/  V3HD  and 
V3DD  in  a  FZ  Si  sample  ([Oi]  =2  x  1015  cm-3)  that  had  been  heated  in  a  50:50  H2:D2  mixture. 
As  expected,  the  Vi  and  V2  modes  were  not  detected  in  this  sample. 

Preliminary  isochronal  annealing  experiments  (70-370°C)  on  a  hydrogenated  CZ  sample 
showed  increases  in  the  strength  of  the  V3HH  mode  and  reductions  in  the  strengths  of 
Vihh,  V2HH  and  1075  cm-l  absorption  from  70-110°C.  At  higher  temperatures  up  to  370°C, 
there  was  no  further  increase  in  the  strength  of  V3HH  even  though  the  absorption 


Defect  Vhh 

_ (cm-l) 


Vi(Si) 

3788.9 

V2(Si) 

3730.8 

V3(Si) 

3618.3 

H2(Si)  [4] 

4157 

H2(GaAs)  [5] 

3934.1 

H2(gas)  [5] 

4161.1 

Vhh/Vhd 

VhD 

(cm-l) 

1.147 

3304.3 

1.136 

3285.3 

1.108 

3264.8 

1.145 

3629 

1.141 

3446.5 

1.146 

3632.1 

Vhd/VdD 

Vdd 

(cm-l) 

1.191 

2775.4 

1.210 

2716.0 

2714.9 

1.235 

2642.5 

1.213 

2991 

'  1.212 

2842.6 

1.213 

2993.6 

Vhh/'^dd 


1.365 

1.374 

1.369 

1.390 

1.384 

1.390 


Table  1.  Energies  (cm-'^)  of  the  IR  vibrational  modes  (Vj,  V2  and  V3)  of  H2,  D2  and  HD 
pair  defects  observed  in  Si  and  the  observed  Raman  transitions  of  H2,  D2  and  HD 
molecules  in  different  environments.  The  frequency  ratios  are  also  given. 
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strengths  of  the  three  correlated  modes  continued  to  decrease  until  their  strengths  were 
less  than  10  %  of  their  initial  values  for  T  >  150  °C.  This  indicates  that  there  is  a  net  loss  of 
detectable  hydrogen  at  the  higher  anneal  temperatures. 

In  earlier  work  on  hydrogenated  CZ  Si  [6],  it  was  found  that  high  boron-doping  levels 
(>1016  cm‘3)  inhibit  the  formation  of  the  centres  giving  rise  to  the  1075  cm‘l  absorption. 
We  have  now  examined  highly  boron-  and  phosphorus-doped  samples  and  the  Vshh 
mode  was  the  only  high  frequency  mode  observed,  implying  that  Oi-(H-H)  centres  were 
not  present.  In  n-type  material,  H-P  pairs  are  not  detected  and  so  the  lattice  locations  of  all 
in-diffused  H  atoms  is  not  known.  In  p-type  material  (boron-doped),  30  %  of  the  H  atoms 
were  paired  with  boron  acceptors  and  it  was  speculated  that  the  remaining  70  %  are 
incorporated  as  molecules.  Annealing  such  samples  at  ~  175°C  led  to  the  formation  of 
additional  H-B  pairs  [6].  It  could  now  be  speculated  that  this  so-called  "hidden"  hydrogen 
is  in  the  form  of  H-H  pair  defects  that  we  detect  as  V3  centres  in  the  present  CZ  and  FZ 
samples. 

Discussion. 

The  important  new  result  of  this  work  is  the  observation  of  high  frequency  vibrational 
modes  of  defects  incorporating  pairs  of  H-H,  D-D  and  H-D  atoms  (Table  1)  and  we  now 
consider  possible  models  for  the  structure  of  these  Vi,  V2  and  V3  defect  centres. 

Even  though  the  VihH/  V2HH  Vshh  modes  occur  in  the  spectral  region  of  strong 
absorption  by  O-H  modes,  we  find  that  the  assignment  of  the  pair  defect  to  an  H2O 
molecule  is  untenable.  The  gaseous  H2O  molecule  has  three  IR-active  modes  at  3756,  3652 
and  1595  cm-l  [7]  and  so,  in  principle,  the  two  associated  high  frequency  anti-symmetric 
and  symmetric  modes  could  correspond  to  Vihh  and  V2HH’  For  the  D2O  molecule,  the 
anti-symmetric  and  symmetric  modes  shift  to  2789  cm-l  and  2666  cm-l  respectively,  close 
to  the  Vidd  and  V2DD  frequencies.  The  crucial  point  is  that  for  the  HDO  molecule,  the 
anti-symmetric  mode  occurs  at  3707  cm-1  and  the  symmetric  mode  at  2727  cm-1.  These 
shifts  are  incompatible  with  the  measurements  for  Vihd  and  V2HD  (Table  1). 

The  presence  of  Vhd  modes  with  frequencies  essentially  mid-way  between  those  of  Vhh 
and  VdD/  implies  unambiguously  that  for  each  centre  (Vi,  V2  and  V3),  the  two  atoms  must 
be  bonded  directly  to  each  other  as  a  molecule  (see  Table  I  for  a  comparison  with  data  for 
H2  molecules).  The  frequency  ratios,  Vhh  /VdD/  for  the  three  centres  all  have  values  close 
to  1.37  (Table  1)  compared  with  values  close  to  1.39  for  the  isolated  H2  molecule  in  Si  [4]. 
The  smaller  Vhh/Vdd  ratios  obtained  for  the  Vj,  V2  and  V3  defects  implies  that  the  H2 
molecules  present  in  these  centres  interact  with  an  adjacent  impurity  atom  of  low  mass. 

The  correlated  Vi  and  V2  modes  must  be  due  to  hydrogen  molecules  trapped  at  sites 
adjacent  to  Oi  atoms  and  we  now  consider  possible  structures  of  these  Oi-H2  complexes.  A 
possibility  is  that  two  H2  molecules  are  trapped  by  one  Oi  atom.  As  a  result  of  coupling, 
many  high  frequency  hydrogen  modes  would  be  expected  due  to  the  large  number  of 
H/D  combinations.  However,  we  only  observe  two  high  frequency  hydrogen  modes 
associated  with  the  oxygen  complexes.  Furthermore,  the  probability  that  two  H2 
molecules  are  captured  by  a  common  Oi  atom  is  negligible  on  a  statistical  basis.  A  more 
plausible  model  is  that  a  single  H2  molecule  can  occupy  two  different  lattice  sites  adjacent 
to  an  Oi  atom.  This  would  account  for  both  the  Vi  and  V2  modes  and  the  two  components 
to  the  perturbed  oxygen  mode.  Another  possibility  is  that,  again,  one  H2  molecule  is 
trapped  at  an  Oi  atom  but  that  the  two  components  to  the  perturbed  oxygen  mode  (P  and 
S,  Fig.  1)  are  due  to  H2  molecules  present  as  either  ortho-  or  para-hydrogen  [5].  The 
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observed  strength  ratios  (P:S)  are  3:1  for  hydrogenated  samples  and  1:2  for  deuterated 
samples  which  correspond  to  the  expected  concentrations  of  ortho-  and  para-hydrogen. 
However,  there  is  no  direct  evidence  for  this  interpretation  since  their  frequency 
separation  (57  cm‘1)  is  much  larger  than  the  separation  observed  for  H2  molecules  in  GaAs 
(8  cm'l)  [5]. 

The  arguments  presented  above  lead  to  the  conclusion  that  only  one  H2  molecule  is 
trapped  at  a  site  close  to  an  Oi  atom.  The  configuration  of  the  molecule  must  be  such  that 
there  is  a  redistribution  of  electron  density  between  the  2  H  atoms  due  to  the  electro¬ 
negative  Oi  atom  so  that  the  molecule  acquires  a  dipole  moment.  A  reduction  in  electron 
density  of  the  H-H  bond  can  explain  the  reduced  H2  vibrational  frequencies  for  the  Vi  and 
V2  modes.  Since  the  molecule  is  trapped,  however,  its  free  rotation  should  be  hindered  and 
so  it  seems  unlikely  that  we  are  observing  modes  of  ortho-  and  para-  hydrogen.  The 
lowest  energy  mode  labelled  V3  must  be  due  to  a  H2  molecule  trapped  by  an 
impurity /defect  other  than  oxygen  and  possible  candidates  are  carbon  and  nitrogen. 
Further  work  is  under  way  to  explore  these  possibilities.  During  annealing  it  is  implied 
that  there  is  both  a  transfer  of  H2  molecules  from  Oi  atoms  to  this  second  trap  and  a  net 
loss  of  detectable  H2  molecules.  The  latter  observation  could  be  explained  by  the  diffusion 
of  molecules  to  low  energy,  interstitial  sites  [8]  remote  from  either  impurity  where  they 
would  have  no  dipole  moment. 

Conclusion. 

Detection  of  the  Vi,  V2  and  V3  modes  implies  that  hydrogen  is  incorporated  predominately 
as  molecules  in  as-quenched  undoped  Si.  These  molecules  become  trapped  at  Oj  atoms  in 
CZ  Si  and  at  another  impurity  (X)  in  FZ  and  CZ  Si.  Trapping  is  inferred  because  (a)  the  H2 
vibrational  frequencies  are  significantly  lower  than  the  Raman  frequencies  obtained  for 
the  free  molecule  (4161  cm-l),  isolated  H2  molecules  in  Si  (4157  cm-l)  and  H2  molecules  in 
GaAs  (3926  cm-l),  and  (b)  the  molecules  must  acquire  a  dipole  moment  to  account  for  their 
IR  activity.  Nevertheless,  the  estimated  dipole  moments  per  unit  displacement  are  small 
(~0.1e  compared  with  3.5e  for  the  Oi  atom  in  Si)  [3]  so  that  it  is  feasible  that  they  arise  as  a 
result  of  local  internal  electric  fields. 
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THE  I  CENTRE  :  A  HYDROGEN  RELATED  DEFECT  IN  SILICON 

Joanne  Gower,  Gordon  Davies,  E.C.  Lightowlers  and  A.N.  Safonov 
Physics  Department,  King’s  College  London,  Strand,  London  WC2R  2LS,  U.K. 
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Abstract.  The  I-line  luminescence  system  with  zero-phonon  transitions  at  965.0  and  967.4  meV  is 
created  when  Czochralski  silicon  is  electron  irradiated  and  subsequently  annealed  at  temperatures 
greater  than  400  °C.  We  report  here  that  the  centre  contains  two  inequivalent  carbon  atoms  and  one 
hydrogen  atom  and  that  the  uniaxial  stress  and  Zeeman  perturbations  are  consistent  with  a 
paramagnetic  centre  possessing  monoclinic  I  symmetry.  We  propose  that  the  core  of  the  centre  is  a 
C-C-H  complex,  similar  to  that  of  the  T-centre,  peiturbed  by  the  presence  of  an  oxygen  atom. 

Introduction 

In  recent  years  there  has  been  significant  interest  in  the  effects  of  hydrogen  at  defect  centres  in 
silicon.  Hydrogen  passivates  dangling  bonds  and  is  used  widely  in  semiconductor  manufacturing 
because  of  this  property.  More  recently  it  has  also  been  shown  to  be  a  constituent  of  several 
photoluminescence  centres  [1].  This  paper  reports  a  detailed  study  of  an  hydrogen  related  centre  in 
silicon,  known  as  the  T-centre’  with  comparisons  made  to  the  well  understood  T-centre  [2].  Isotope 
substitution  suggests  the  centre  contains  a  single  hydrogen  atom  and  two  inequivalent  carbon  atoms. 
Analysis  of  uniaxial  stress  and  magnetic  field  perturbations  shows  that  the  centre  possesses 
monoclinic  I  symmetry.  The  excited  state  of  the  centre  can  effectively  be  described  using  the  simple 
model  of  a  tightly  bound  electron  orbited  by  an  effective  mass  hole. 

Experimental 

The  samples  used  in  this  study  were  mainly  Czochralski  (CZ)  silicon  with  high  concentrations  of 
both  carbon  and  oxygen,  typically  [C]  -  2  x  10‘’  cm‘^  and  [O]  ~  lO'®  cm'l  Samples  were  saturated 
with  1.5  X  10‘®  cm'^  H  or  D  by  heating  in  flowing  gas  for  30  minutes  at  1300°C  and  rapidly  cooling 
in  silicone  oil  [3].  The  samples  were  electron  irradiated  with  a  total  flux  of  2  x  10‘’  cm'^  2  MeV 
electrons  and  then  annealed  for  30  minutes  at  a  temperature  between  450  -  500  °C. 
Photoluminescence  measurements  were  carried  out  on  either  a  Nicolet  60SX  or  a  Bomem  DA3 
Fourier  transform  spectrometer  fitted  with  a  North  Coast  cooled  Ge  diode  detector  with  excitation 
by  a  514  run  Ar’’  laser.  Uniaxial  stress  measurements  were  made  using  stresses  of  up  to  0.16  GPa 
and  Zeeman  experiments  were  made  with  magnetic  fields  up  to  4.5  T,  both  using  12  x  2  x  2  mm^  X- 
ray  oriented  samples. 

Isotope  Structure  of  the  Local  Mode  Satellites 

It  has  previously  been  shown  that  the  I-centre  contains  hydrogen  and  carbon  [4]  from  the  effect  on 
the  zero-phonon  line  of  doping  with  different  isotopes.  However  the  zero-phonon  line  is  perturbed 
by  the  effects  of  one  C  atom.  Here  we  show  that  there  are  at  least  two  C  atoms  in  the  centre  using 
the  effects  of  isotopic  substitution  on  the  local  mode  satellites.  The  local  modes  are  labelled 
following  the  T-centre  [2].  Figure  1  shows  the  effects  of  isotope  doping  on  the  L3  mode,  with  a 
quantum  of  543  cm"'  in  the  ‘^C,  H  material.  Figure  la  shows  the  effect  of  approximately  equal 
doping  with  '^C  and  '^C.  The  presence  of  four  lines  with  comparable  intensities  shows  that  two  C 
atoms  at  inequivalent  sites  are  involved  in  the  motion.  Figure  lb  shows  similar  '^C,  '^C  material  but 
doped  with  D  instead  of  H.  Changing  the  '^C:*^C  ratio  to  1:5  results  in  the  expected  intensity 
changes  (Fig.  Ic),  and  using  ‘^C,  *''C  approximately  doubles  the  splitting  relative  to  '^C,  '^C  (Fig.  Ic 
and  d),  again  as  expected. 
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Figure  1.  Luminescence  from  the  I-line  L3  local 
mode  showing  the  effects  of  mixed  carbon  isotopes 
and  deuterium  on  the  energy  of  the  lines. 


Contrary  to  a  previous  report  [6]  there  is 
no  evidence  that  an  oxygen  atom  is  present 
at  the  centre  other  than  the  strong 
requirement  that  the  photoluminescence  has 
only  been  observed  in  Czochralski  silicon. 
‘*0:‘®0:H  and  ‘^0:‘®0:D  samples  have 
been  studied,  but  no  splittings  of  either  the 
zero  phonon  hne  or  local  modes  have  been 
observed.  The  position  of  the  local  modes 
and  the  experimentally  observed  isotopic 
shifts  are  eomparable  with  those  of  the  T- 
line  and  are  shown  in  Tables  1  and  2.  The 
similarities  suggest  that  the  I-centre  is  also 
a  split  earbon-carbon  interstitial  with  a 
single  hydrogen  atom  bonded  to  a  carbon 
atom  (Reference  [5]  discusses  the 
formation  of  this  centre  in  detail).  The  LI 
and  L4  modes  for  the  I-line  are  not 
observable  as  they  he  under  the  zero- 
phonon  line  and  L3  mode  respectively. 


Mode 

12C-(12C-H) 

A12C-(13C-H) 

wmmmssm 

543.08  (531.5) 

5.7  (2.0) 

(3.8) 

586.94  (567.5) 

4.4  (7.5) 

7.2  (3.0) 

11.1  (10.0) 

L5 

(1056.0) 

(18.0) 

(45.0) 

Table  1.  Comparison  between  the  I  and  (T)-centre  vibrational  modes  (cm'')  for  C-(C-H)  defects, 
along  with  their  downward  isotope  shifts. 


Mode 

12C-(12C-D)” 

AI3C^(12C-D)‘ 

AI3C-(13C  D) 

L2 

536.6  (528) 

(1.3) 

5.49(2.5) 

(7.7) 

L3 

578.31(558.5) 

4.17(5.3) 

5.78  (2.5) 

9.39  (7.7) 

L5 

1054.5  (1056) 

12.2(16.5) 

29.1(20.5) 

44.6(38.0) 

Table  2.  Comparison  between  the  I  and  (T)-centre  vibrational  modes  (cm'')  for  C-(C-D)  defects, 
along  with  their  downward  isotope  shifts. 


Uniaxial  Stress  and  Zeeman  Perturbations 

The  ionisation  energy  of  the  exciton  bound  to  the  I-centre  has  been  found  to  be  39  meV.  This  is 
typical  in  sihcon  for  an  effective  mass  particle  bound  by  the  Coulomb  potential  to  a  defect  with  a 
single  charge.  Consequently  after  the  decay  of  the  bound  exciton  the  I-centre  is  still  uncharged.  In 
the  ground  state  the  charge  of  the  proton  is  assumed  to  be  balanced  by  one  electron.  We  show 
below  that  when  an  exciton  is  bound,  the  two  electrons  spin-pair,  leaving  the  hole  as  the  effective 
mass  particle.  The  uniaxial  stress  and  Zeeman  experiments  can  be  modelled  by  simply  considering 
the  effects  on  the  electrons  and  on  the  hole  separately. 

Figure  2  shows  spectra  of  the  I-centre’s  two  zero-phonon  transitions  (ZPl  and  ZP2)  at  25  K. 
Clearly  visible  for  ZP2  is  the  presence  of  2,  3  and  4  components  in  the  <00 1>,  <111>  and  <110> 
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stress  directions  respectively.  This  is  consistent  with  the  centre  possessing  monoclinic  I 
syiiunetry[7].  Figure  3  shows  the  energy  of  the  I-centre  as  a  function  of  the  applied  stress. 


Photon  energy  (meV) 

Figure  2.  Luminescence  of  the 
I-centre ’s  two  zero-phonon 
transitions  measured  at  25  K 
and  uniaxial  stresses  of  0.16 
GPa. 


Applied  Stress  (GPa) 

Figure  3.  Energy  of  the  I-centre  as  a  function  of  applied  stress. 
Points  are  experimental  values,  lines  are  calculated  as 
described  in  the  text.  Right  column  shows  the  hole  and  electron 
splittings  separately  as  a  function  of  the  applied  stress. 


We  assume  that  the  electrons  are  trapped  in  a  non-degenerate  orbhal  state  at  the  centre.  A 
representative  monoclinic  I  centre  has  local  axes  X,  Y,  and  Z  along  001,  IlO  and  110  respectively 
with  the  reflection  plane  perpendicular  to  [110].  The  electron  is  perturbed  by  [7]:- 

AE  =  A,52z  +-A2(-s'»f  +'S'}T)+2A35xy  +2A^(Sy2  -s^z)  Equation  (1) 

The  effect  of  the  applied  stress  is  assumed  to  be  linear  and  in  the  complete  fit  of  Fig.  3  can  be 
described  by  the  Kaplyanskii  coefficients  Ai  =  11.05,  A2  =  -10.91,  A3  =  -8.31  and  At  =  5.65 
meV/GPa.  We  treat  the  effective  mass  hole  as  orbiting  in  a  strain  field  created  by  the  I-centre.  The 
hole  is  then  derived  from  the  valence  band  maximum  perturbed  by  the  effect  of  the  axial  centre.  We 
parameterise  the  perturbation  by  an  effective  “internal  stress”.  Si,  created  by  the  defect.  In  addition 
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we  need  to  consider  the  effects  of  the  external  stress,  applied  experimentally.  Both  stresses  perturb 
the  valence  band  maxima  in  the  same  way.  This  perturbation  is 


where  S9  =  2S22  -  Sxx  -  Syy,  Se  =  Vs  (S^x  -  Syy)  and  the  quantisation  of  the  valence  band  states  is  the 
[001]  crystal  axis.  The  hydrostatic  shifts  are  included  in  the  Aj  and  A2  of  the  electron  .  The  stress 
tensor  components  will  obviously  differ  depending  on  the  direction  of  the  stresses  and  the  effects  of 
the  internal  and  external  stress  can  simply  be  summed. 

The  data  can  be  fitted  very  simply  by  taking  Si  along  the  [001]  axis  of  the  defect  with  a  magnitude  of 
0.085  GPa  splitting  the  Eg  valence  band  into  two  states  Vi  and  V2.  When  no  external  stress  is 
applied  this  splitting  is  the  energy  difference  between  the  two  states  associated  with  the  I-centre. 
ZPl  is  a  transition  to  a  state  which  is  derived  from  an  admixture  of  the  nij  =  13/2, l/2>  and  ll/2,l/2> 
states,  and  ZP2  corresponds  to  a  transition  to  the  nij  =  l3/2,3/2>  band.  The  fit  given  by  this  model  is 
shown  by  the  solid  lines  on  fig.  3.  It  uses  the  parameters  B  =  14.0  meV/GPa  and  C  =  48.0 
meV/GPa.  B  and  C  for  the  pure  valence  band  are  22.6  and  52.5  meV/GPa  respectively.  The 
modification  of  B  and  C  reduces  the  magnitude  of  the  valence  band  splitting  when  external  stress  is 
applied. 


Figure  4.  Energy  level  diagram  ofTs  valence  band  and  observed 
transitions  for  I  centre. 

The  Zeeman  experiments  are  modelled  by  assuming  the  ground  state  is  a  single  spin  1/2  particle  ( the 
electron  provided  by  the  hydrogen  atom)  possessing  no  orbital  angular  momentum.  When  a 
magnetic  field  is  applied  its  energy  is  split  by  Ipenisg^-  The  excited  state  is  again  a  spin  1/2  particle 
but  this  time  it  is  the  hole  since  the  two  electrons  fill  the  outer  shell  of  the  hydrogen  atom  and  are 
spin  paired.  The  hole  is  in  an  effective  mass  like  orbital  and  so  possesses  orbital  angular  momentum 
as  well  as  spin  angular  momentum.  The  magnetic  perturbation  matrix  for  the  hole  is  given  by:- 
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where  2e  =  2.4  meV  is  the  splitting  of  the  hole  states  produced  by  the  pure  [001]  internal  stress.  G  = 
(|XBgi  +  l/2ltBgs)  =  1.95fiB  where  |Ib  is  the  Bohr  magneton,  Bi  =  Bz  and  B2  =  Bx  +  iBy, 
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Photon  Energy  (meV) 


966 


Figure  5.  Luminescence  of  the  I  centre  measured 
at  4.2  K  (ZP2  not  observable)  with  B  along 
<001>,  <111>,  and  <110>  crystal  axes  and 
equal  to  4.5  T. 


Figure  6.  Energies  (points)  of  the  components 
of  the  I  line  split  by  a  4.5  T  magnetic  field  as  a 
function  of  the  direction  of  the  field  (measured 
at  4.2K  hence  ZP2  not  observable).  The  lines 
are  calculated  as  described  in  the  text. 


Discussion 

So  far  we  have  shown  that  the  defect  has  a  core  consisting  of  two  inequivalent  carbon  atoms  with  a 
hydrogen  bonded  to  one  carbon  atom  and  is  dependent  on  oxygen.  The  defect  binds  an  electron 
tightly,  presumably  pairing  with  the  single  electron  of  the  hydrogen  atom  to  form  a  closed  shell,  and 
has  an  effective  mass  hole  orbiting.  These  properties  are  very  similar  to  those  of  the  T  centre  [2,8] 
excepting  the  internal  strain  which  is  significantly  larger  for  the  I  centre  producing  an  energy 
difference  between  the  two  states  of  2.4  meV  compared  with  1.8  meV  for  the  T  centre. 
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There  is  no  direct  evidence  from  isotope  shifts  of  an  oxygen  atom  being  in  the  centre.  However  the 
centre  is  only  observed  in  oxygen  rich  silicon  implying  that  one  (or  more)  oxygen  atoms  are  involved 
in  the  centre.  The  T  centre  is  stable  at  annealing  temperatures  up  to  600  °C  [8],  i.e.  it  is  stable  at  the 
formation  temperature  of  the  I  centre  (450  -  500  °C).  At  these  temperatures  the  oxygen  atoms  in 
silicon  are  known  to  be  mobile,  as  seen  in  the  production  of  thermal  donors.  The  obvious  model  is 
thus  that  an  O  atom  has  approached  and  been  trapped  at  a  T  centre.  The  location  of  the  O  atom  is 
not  known.  We  note  an  apparent  parallel  with  the  production  of  the  “P”  centre  (  zero-phonon  line 
767  meV)  in  heavily  oxygen  doped  silicon,  as  an  oxygen-perturbed  version  of  the  “C”  centre  (zero- 
phonon  line  789  meV). 


Conclusion 

We  have  demonstrated  that  the  I-centre  (zero-phonon  energy  965  meV)  is  chemically  similar  to  the 
T  -centre  (935  meV)  with  direct  evidence  for  the  involvement  of  one  hydrogen  atom  and  two  carbon 
atoms.  We  have  no  direct  evidence  for  oxygen  at  the  centre  except  the  need  for  oxygen  rich  silicon. 
We  have  shown  that  the  uniaxial  stress  and  magnetic  field  data  can  be  modelled  very  simply  by 
assuming  a  tightly  bound  electron  and  an  effective  mass  hole. 
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Abstract.  Spin-polarised  local  density  functional  cluster  calculations  are  carried  out  on 
substitutional  Au  and  Au-H„  complexes  in  Si.  Slater’s  transition  argument  and  Janak’s 
theorem  are  combined  to  discuss  the  donor-acceptor  levels  of  the  defects  and  the  results  are 
compared  with  experiment.  The  calculations  give  a  good  account  of  the  donor /acceptor 
levels  of  Au  and  the  Au-H  pair.  They  confirm  that  the  Gl,  G2  and  G4  levels  are  due  to 
Au-H.  Au-Hs  is  found  to  be  an  electrically  inactive  defect  and  may  be  identified  with  the 
passive  defect  found  experimentally. 


Introduction 

Transition  metals  are  important  impurities  in  Si  as  they  possess  deep  levels  in  the  bandgap 
and  interfere  with  the  properties  of  devices.  For  example,  they  reduce  storage  time  in  MOS 
dynamical  memory  cells  and  lead  to  the  formation  of  dark  current  spikes  in  CCDs. 

Gold  as  an  isolated  impurity  in  silicon  is  one  of  the  most  studied  defects  in  semiconductors. 
This  is  mainly  due  to  its  technological  important  and  to  its  pivotal  role  in  the  understanding 
of  the  electronic  properties  of  transition  metal  impurities  in  semiconductors.  Elements  like 
gold,  platinum,  silver  or  even  titanium,  are  commonly  used  to  produce  metallic  contacts.  Our 
understanding  of  the  impurities  at  the  far  right  of  the  periodic  table  is  based  on  the  “vacancy 
model”  [1].  This  maintains  that  their  electronic  activity  is  controlled  by  the  levels  of  the  vacancy. 
Since,  the  vacancy  can  be  passivated  [2],  there  is  a  possibility  that  the  transition  metal  impurity 
can  also  be  passivated  and  this  has  been  found  in  the  case  of  Au  [3]. 

Background  experimental  results 

The  amphoteric  behaviour  of  gold  in  silicon  has  been  a  matter  of  controversy  for  many  years. 
Only  recently  [4]  has  it  been  unequivocally  established  that  substitutional  gold  introduces  two 
levels  in  the  band  gap.  These  deep  acceptor  and  donor  levels  lie  at  —  0.54  and  Ey  -I- 
0.35  eV  respectively.  The  ground  state  of  the  substitutional  Au®  impurity  has  C2v  symmetry, 
tetragonally  distorted,  spin  state  S  =  1/2  and  configuration  bf'blal  [5],  with  g||  «  2.8  and 
~  0.  The  distortion  is  in  agreement  with  the  predictions  of  the  vacancy  model.  The  defect 
can  reorientate  easily  at  cryogenic  temperatures  (T  <  4  K)  [6]  suggesting  a  very  small  departure 
from  Ta  symmetry.  Surprisingly,  no  EPR  signal  has  been  attributed  to  the  defect  and  this  is 
understood  to  arise  by  a  rapid  tunnelling  between  two  equivalent  C2v  configurations  [7]  driven 
by  a  dynamical  Jahn-Teller  effect.  This  makes  the  g^x  and  gyy  components  of  the  g  tensor  very 
small  and  hence  the  microwave  Amj  =  ±1  transitional  probability  becomes  very  low  and  the 
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EPR  spectrum  difficult  to  observe.  This  model  is  supported  by  recent  theoretical  work  using 
the  same  methods  as  those  described  here  [8].  The  theory  finds  that  Au“  distorts  along  the 
[100]  direction  by  ~  0.18  A  with  small  shifts  of  the  neighbouring  Si  atoms.  The  barrier  to  the 
reorientation  is  then  only  ~  0.01  eV  and  the  defect  might  be  expected  to  tunnel  easily  between 
symmetric  configurations. 

We  concentrate  in  this  paper  on  the  energy  levels  of  the  defect  and  the  effect  of  H  upon 
them.  The  first  study  on  the  influence  of  H  on  the  gold  centre  was  reported  by  Pearton  and 
Tavendale  [3]  using  samples  exposed  to  a  plasma  between  150  and  350°C.  A  substantial  loss 
of  the  Au  activity  was  reported  which  could,  however,  be  partially  reactivated  by  annealing  at 
400“C.  No  effect  was  found  for  samples  annealed  in  hydrogen  gas. 

Wet-chemical  etching  is  another  process  commonly  used  to  introduce  hydrogen  into  the 
samples.  This  process  has  some  advantages  over  the  the  use  of  a  plasma.  H  is  introduced  at 
room  temperature,  without  any  damage  to  the  wafer  surface,  and  leads  to  the  formation  of 
Au-H  defects  which  posses  distinct  deep  levels  [9].  These  defects  disappear  around  ~150°C  and 
are  transformed  to  a  passive  defect  if  sufficient  H  is  available.  Such  H  could  be  released  from 
the  dissociation  of  P-H  defects.  The  passive  defect  is  destroyed  by  annealing  beyond  200°C. 
This  temperature  is  lower  than  that  found  by  Pearton  and  Tavendale,  probably  because  they 
heated  the  sample  in  the  presence  of  the  plasma,  which  provided  a  continuous  source  of  H. 
Pt-H2  defects  appear  to  be  more  stable,  forming  around  ~400°C  . 

The  Au-H  defects  formed  in  wet-chemical  etching  have  been  studied  by  Sveinbjornsson 
et  al  [10].  Four  new  deep  levels  named  G1-G4  were  observed  in  the  DLTS  spectra.  G1  is  an 
acceptor  level  observed  in  n-type  material  with  an  activation  energy  of  0.19  eV.  G2  and  G3  are 
hole  traps  detected  in  p-type  Si  and  located  at  H-  0.21  and  -I-  0.47  eV  respectively.  G4 
was  detected  in  both  n-  and  p-type  samples  and  showed  similar  characteristics  to  those  of  the 
gold  acceptor  level.  It  was  suggested  that  Gl,  G2  and  G4  are  levels  of  the  same  Au-H  defect, 
probably  Au  complexed  with  a  single  H  atom,  but  the  PA  complex  contained  additional  H 
atoms.  However,  the  DLTS  study  did  not  reveal  the  number  of  H  atoms  in  the  defects.  Little 
is  known  about  the  G3  defect. 

A  very  recent  study  on  the  electron-  and  hole-capture  kinetics  of  Au-H  complexes  in  Si  has 
been  carried  out  using  Minority  Carrier  Transient  Spectroscopy  (MOTS)  [11].  This  technique, 
combined  with  DLTS,  allowed  the  determination  of  acceptor  and  donor  levels  using  only  one 
type  of  material  and  is  a  useful  technique  for  defects  with  multiple  levels.  The  main  conclusion 
refers  to  the  nature  of  the  Gl,  G2  and  G4  levels.  Davidson  and  Evans  confirmed  that  these 
levels  are  all  produced  by  the  same  Au-H  complex  but  Gl  was  shown  to  be  a  double  acceptor 
level. 


Method 

Ab  initio  spin-polarised  local  density  functional  cluster  theory  (AIMPRO)  was  used  to  explore 
the  properties  of  Au-H  defects.  Full  details  of  the  technique  have  been  given  before  and  will  not 
be  repeated  here  [12].  Large  tetrahedral  H-terminated  clusters,  containing  131  and  297  atoms 
with  the  configurations  SiyiHeo  and  SiigiHne  respectively,  were  used  in  this  investigation.  The 
basis  consisted  of  N  Cartesian  s,  p  Gaussian  orbitals  sited  on  each  atom.  N  independent  d- 
orbitals  were  sited  on  the  Au  atom.  The  charge  density  is  fitted  to  M  Gaussian  functions.  In 
this  study,  {N,  M)  are:  Au(6,12),  Si(4,5)  and  H(2,3).  The  pseudo-wave  functions  were  expanded 
in  independent  combinations  of  the  N  Gaussian  orbitals  on  atoms  at  the  centre  of  the  cluster 
but  a  fixed  linear  combination  of  the  N  orbitals  was  used  on  those  outside  the  defect  core.  The 
pseudopotentials  were  those  of  Bachelet  et  al.  These  were  placed  on  all  atoms  except  H.  The 
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self-consistent  energy  was  found  together  with  the  analytic  forces  on  each  atom.  The  structure 
was  then  relaxed  using  a  conjugate  gradient  algorithm. 

This  method  has  been  successfully  applied  to  the  study  of  Ni  and  Ni-H  complexes  in  sili¬ 
con  [13]  as  well  as  the  ferrocene  molecule  [14]  and  Ni  defects  in  diamond  [15]. 

Of  particular  interest  here  are  the  donor  and  acceptor  energy  levels  associated  with  the 
defects.  But  there  are  several  problems  relating  to  the  formalism  in  extracting  these  levels.  The 
acceptor  or  (-/O)  level,  relative  to  the  conduction  band,  is  simply  the  energy  difference  between 
a  negatively  charged  and  neutral  defect  with  an  additional  electron  in  the  lowest  conduction 
band  state.  Suppose  d  is  the  Kohn-Sham  energy  level  of  the  highest  occupied  level  associated 
with  the  ionised  defect  and  let  c  be  the  Kohn-Sham  level  associated  with  the  conduction  band’ 
minimum.  Now,  provided  the  relaxation  of  the  defect  when  the  electron  is  promoted  between 
these  levels  can  be  ignored,  the  difference  in  the  energies  of  these  configurations  is,  according 
to  Slater’s  transition  state  argument  and  Janak’s  theorem,  simply  the  difference  in  the  d  and 
c  levels  found  for  an  electronic  configuration  corresponding  to  half-occupancy,  i.e,  one-half  a 
electron  is  removed  from  the  level  d  and  placed  in  level  c.  If  this  were  the  only  approximation, 
the  errors  would  be  very  slight.  Unfortunately,  density  functional  theory  is  not  strictly  applica¬ 
ble  to  the  excited  state  configuration  and  as  such  band  gaps  are  substantially  underestimated. 
However,  the  use  of  a  H-terminated  cluster  often  leads  to  a  band  gap  which  exceeds  the  exper¬ 
imental  one  and  is  a  consequence  of  the  large  confining  potential  exerted  on  the  cluster  by  the 
terminating  H  atoms.  In  diamond,  these  two  effects  tend  to  cancel  with  the  result  that  the  gap  is 
fortuitously  in  agreement  with  the  experimental  gap.  The  use  of  the  Slater  scheme  to  calculate 
excitation  energies  then  leads  to  values  in  reasonable  agreement  with  known  optical  transitions 
[16].  Unfortunately,  in  silicon  the  cluster  band  gaps  are  between  a  factor  three  and  four  too 
large.  To  deal  with  this  problem,  we  have  chosen  to  scale  the  Slater’s  transition  state  energies  by 
the  ratio  of  the  correct  Si  band  gap  and  the  cluster  gap.  This  has  the  effect  of  severely  reducing 
all  the  donor-acceptor  levels.  In  an  analogous  way,  donor  levels  can  be  found  by  promoting  half 
a  electron  from  the  valence  band  to  the  lowest  unoccupied  defect  level  corresponding  to  the 
positively  charged  defect.  The  technique  is  easily  extended  to  second  acceptor  or  donor  levels. 
While  the  approach  is  not  completely  satisfactory,  it  does  lead  to  levels  in  known  cases  which 
are  within  0. 2-0.3  eV  of  experiment,  although  it  appears  that  the  levels  found  are  deeper  than 
the  experimental  ones. 

The  substitutional  Au  centre 

An  131  atom  cluster  with  a  neutral  Au  placed  at  its  centre  was  fully  relaxed,  keeping  the  H 
terminators  fixed.  The  gap  contains  a  t2  level  containing  three  electrons  and  the  configuration 
is  taken  to  be  consistent  with  S  =  1/2.  The  charge  density  was  averaged  over  the  three 
degenerate  t2  states  and  the  self-consistent  energy  and  forces  acting  on  the  atoms  found.  This 
procedure  prevents  a  Jahn-Teller  distortion  [13].  Such  distortions  have  been  investigated  by 
breaking  the  symmetry  and  relaxing  in  a  specific  electronic  configuration  [8,  13]  but  the  *2 
splitting  is  very  small  and  of  no  importance  to  the  calculation  of  the  donor  and  acceptor  levels. 
The  Au-Si  lengths  were  2.76  A. 

The  positions  of  the  five  innermost  atoms,  including  the  impurity,  were  then  inserted  into  a 
297  atom  cluster.  An  additional  half  electron  was  added  to  the  level  and  another  half  added 
to  the  nearest  Oj  empty  level  which  is  taken  to  be  the  conduction  band  bottom.  The  difference 
between  these  levels  then  gave  an  estimate  of  the  (-/O)  acceptor  level.  In  a  similar  way,  the 
donor  level  was  found  by  promoting  half  a  electron  to  the  t2  level  of  the  positively  charged 
defect  from  the  three  levels  lying  beneath  this  defect  level  (and  taken  to  represent  thee  valence 
band  top).  These  energies  were  then  rescaled  as  described  above  to  compensate  for  the  cluster 
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band  gap.  With  the  present  basis,  the  band  gap  in  the  297-atom  cluster  without  any  impurities 
is  3.51  eV.  The  scaling  factor  is  then  0.33  and  the  resulting  estimates  for  the  levels  are  given  in 
Table  1. 

The  deep  acceptor  level  at  Ec  -  0.63  eV  compares  well  with  the  experimental  value  of  0.54 
eV.  The  donor  level  at  +  0.45  eV  is  deeper  than  than  the  experimental  value  of  0.35  eV.  A 
second  acceptor  level  lay  at  Ec  -  0.017  eV.  There  is  no  evidence  for  this  shallow  level  and  it 
presumably  lies  above  the  conduction  band  minimum.  The  sum  of  the  (0/-I-)  and  (-/O)  levels 
is  1.08  eV  which  is  almost  equal  to  the  energy  gap  1.16  eV,  whereas  the  experimental  sum  is 
0.89  eV.  The  latter  differs  from  the  gap  because  of  the  Hubbard  U  term.  It  is  clearly  a  failing 
of  the  present  theory  to  account  for  this  term  properly. 


Table  1.  Comparison  between  experimen¬ 
tal  [10,  11]  and  calculated  energy  levels  AE 
for  the  gold  centre  and  Au-H  complex  (G 
complex). 


Defect 

Peak 

Calc.  (eV)  Expt.  (eV) 

Au(-2/-) 

0.017 

— 

Si:Au0 

Au(-/0) 

0.63 

0.54 

Au(0/-f) 

0.45 

0.35 

Gl(-2/-) 

0.36 

0.19 

Au-H  Au(-/0)  -1-  G4 

0.63 

midgap 

G2(0/-k) 

0.39 

0.21 

Au-H„ 

We  investigated  the  Au— complexes  when  H  lies  both  at  anti-bonding  sites  outside  the  nearest 
neighbour  shell  of  Si  atoms  to  the  impurity,  and  inside  the  shell.  Similar  sized  clusters  were 
used  as  in  the  Au  defect  discussed  above. 

For  the  5  =  0  Au-H  defect,  the  H  atom  lies  near  a  bond  centred  site  as  illustrated  in  Fig.  1. 
This  configuration  is  more  stable  than  the  AB  one  by  ~  0.2  eV.  The  Au-H  and  H-Si  lengths  are 
1.78  and  1.57  A  respectively  with  an  Au-H-Si  angle  of  118°.  The  difference  in  energy  between  a 
configuration  where  the  H  atom  is  constrained  to  lie  along  [100]  with  C2v  symmetry  is  0.15  eV 
and  this  represents  an  estimate  of  the  energy  barrier  to  reorientation. 


Fig.  1.  Relaxed  structure  of  the  Ausi-H„  in  Si,  n  —  1,2  and  3.  Box  edges  mark  the  {100}  directions. 
Note  the  increasing  Z(Au-H-Si)  with  increasing  number  of  H  atoms. 

The  t2  level  (Fig.  2)  now  contains  four  electrons  and  is  split  and  displaced  downwards  in 
the  gap  by  the  proton.  Inevitably,  this  will  decrease  the  donor  and  deepen  the  acceptor  levels 
—  as  observed  for  G2  and  G4  — ,  and  encourages  the  possibility  of  a  second  acceptor  level. 
The  Slater  method  locates  the  acceptor  (— /O)  level  at  0.63  eV  which  is  the  same  as  that  of  Au. 
This  agrees  with  the  assignment  of  the  mid-gap  G4  level.  A  second  acceptor  (—2/—)  level  is 
found  at  Ec  -  0.36  eV  and  about  0.17  eV  deeper  that  the  (-2/-)  G1  level.  The  donor  (O/d-) 
level  at  E^  -f  0.39  eV  is  slightly  lower  than  that  of  Au  at  Ey  +  0.45  eV  and  is  0.17  eV  above 
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G2.  Given  that  the  levels  are  generally  deeper  than  about  0.1-0. 2  eV,  the  results  support  the 
finding  that  the  Gl,  G2,  G4  levels  all  arise  from  the  same  defect  which  contains  just  one  H 
atom.  In  addition,  they  support  the  cla,im  that  the  G3  level  at  +  0.47  eV  cannot  arise  from 
this  defect. 


Table  2.  Bond  lengths  for  the  different  com¬ 
plexes.  The  bottom  row  of  the  table  gives  the 
distance  (d)  of  the  Au  atom  from  the  centre 
of  the  cluster.  Bond  lengths  in  A. 


Adding  additional  H  atoms  to  the  defect  will  fill  the  t2  level  and  shift  it  downwards  (Fig.  2). 
The  level  becomes  filled  for  Au-Ha.  The  H  atoms  prefer  to  be  inside  the  vacancy  as  the  energy 
of  this  structure  is  0.8  eV  below  that  of  the  outside  configuration.  Two  H  atoms  are  strongly 
bonded  to  the  Si  radicals  with  lengths  of  1.50  A  whereas  the  third  is  1.67  A  from  a  third  radical 
and  1.64  A  from  Au.  The  gold  atom  is  displaced  off-site  by  ~  0.6  A  along  [100].  The  defect  has 
<S  =  0  and  the  filled  Kohn-Sham  levels  now  are  low  lying  and  there  are  no  empty  gap  levels. 
Thus  the  defect  cannot  act  as  an  acceptor.  The  donor  level  as  calculated  by  Slater’s  method  is 
placed  at  E'v  -1-0.18  eV.  Since  our  method  leeds  to  deeper  levels  by  ~  0.2  eV  than  observed,  the 
defect  may  identify  Au-Hs  with  the  passive  PA  complex.  This  suggests  that  the  Au-H  defect 
is  passivated  by  a  direct  combination  with  a  mobile  hydrogen  molecule. 

The  Au-H2  and  AU-H4  defects  are  electrically  and  magnetically  active  but  will  not  be 
discussed  here.  It  seems  unlikely  that  the  G3  level  is  one  of  these  defects. 


Fig.  2.  One-electron  Kohn-Sham  eigen¬ 
values  in  the  vicinity  of  the  gap  for  the 
Ausi-H„  complexes  in  their  relaxed  con¬ 
figurations,  with  n  =  1,  ■  ■  ■  ,4.  Arrows  in¬ 
dicate  filled  spin  states,  boxes  indicate 
empty  one-electron  states  (these  are  only 
shown  in  region  of  the  gap). 


Au  Au-H,  Au-Hj  Au-Hj  Au-H, 

In  conclusion,  our  calculations  have  found: 

1.  The  substitutional  Au  centre  has  (0/-I-)  and  (0/-)  levels  within  0.2  eV  of  the  experimental 
values  and  a  second  acceptor  level  lies  close  to  (and  probably  in)  the  conduction  band; 


Bond  Au“ 

Au-H 

AU-H2 

Au-Hs 

Au-Si  2.76  2. 

60/2.61/2.48  2.45/2.66 

2.45 

Au-H  — 

1.78 

1.72/1.81  1 

84/1.84/1.70 

H-Si  — 

1.57 

1.53/1.65  1 

67/1.50/1.50 

d  0 

0.26 

0.63 

0.60 

300 
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2.  The  Au-H  complex  is  diamagnetic  and  more  stable  with  H  close  to  An  near  a  bond 
centred  configuration.  The  reorientation  energy  for  Au  is  close  to  0.15  eV; 

3.  The  Au-H  defect  has  deeper  acceptor  and  more  shallow  donor  levels  than  Au.  We  find 
the  (—2/—),  (0/—),  (0/+)  levels  within  0.2  eV  of  those  of  Gl,  G2  and  G4  which  are 
associated  with  one  defect; 

4.  Two  further  H  atoms  add  to  Au-H  by  saturating  two  of  the  Si  dangling  bonds.  The  defect 
is  diamagnetic; 

5.  Au-Hs  has  no  acceptor  levels  and  a  shallow  donor  level.  We  identify  it  with  the  passive 
defect  first  detected  by  Pearton  and  Tavendale; 

6.  AU-H2  and  AU-H4  are  electrically  and  magnetically  active  defects  with  deep  levels. 
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Abstract.  The  effect  of  hydrogenation  during  wet  chemical  etching  in  acid  solutions  on  the  energy 
levels  in  silver  doped  n-  and  p-type  silicon  is  studied  by  deep-level  transient  spectroscopy.  It  is 
observed  that  along  with  known  acceptor  and  donor  levels  of  substitutional  silver  a  number  of  novel 
deep-level  centres  appear  near  the  etched  surface.  The  depth  profiles  of  the  deep-level  centres  are 
investigated  depending  on  time  and  temperature  of  the  reverse-  and  zero-bias  annealing  processes. 
The  novel  centres  are  silver-hydrogen  complexes  containing  only  one  silver  atom  and  one  or  more 
hydrogen  atoms.  The  striking  similarities  of  silver-hydrogen  and  gold-hydrogen  complexes  are 
discussed. 

Introduction 

The  study  of  the  interaction  of  hydrogen  with  impurities  is  currently  stimulated  by  the  possibility  to 
create  electrically  inactive  impurity-hydrogen  complexes.  The  hydrogenation  of  transition  metals 
seems  to  be  of  great  practical  importance  as  a  simple  method  to  influence  the  lifetime  of  minority 
carriers.  In  this  paper  we  study  the  behayior  of  silver  under  hydrogenation.  The  results  are  compared 
with  the  already  published  data  on  Au-H  complexes  [1,2]. 

The  literature  on  the  electrical  properties  of  silver  doped  silicon  is  rather  limited  [3,  4  and  references 
therein].  This  is  certainly  due  to  the  high  diffusion  temperatures  needed  to  obtain  a  noticeable 
concentration  of  electrically  active  silver  [3].  However,  the  results  available  show  definitely  that  Ag 
in  Si  results  in  at  least  two  deep  levels,  an  acceptor  level  near  the  middle  of  the  gap  and  a  donor 
level  0.34-0.40  eV  above  the  top  of  the  valence  band. 

Contrary  to  gold,  the  isoelectronic  analogue  of  silver,  no  study  on  silver— hydrogen  interactions  is 
known.  However,  chemical  etching  followed  by  annealing  at  moderate  temperatures  leads  to  a 
decrease  of  the  silver  acceptor  [5]  and  donor  [6]  concentrations.  The  possibility  of  electrically  active 
silver-hydrogen  complexes  is  discussed  in  Ref  [5]. 

Experimental 

Floating-zone  silicon  crystals  doped  with  phosphorus  ([P]  =  2-10"'  cm’^)  or  boron  ([B]  =  I.S-IO'" 
cm' )  are  used  in  the  present  work.  Silver  is  introduced  during  crystal  growth  [4],  the  concentration 
of  the  electrically  active  Ag-levels  is  -15%  of  the  shallow  dopants.  The  hydrogenation  of  the 
samples  is  produced  during  wet  chemical  etching  in  acid  solution  HF  :  HNO3 :  CH3COOH 
(1:2:  1).  Etching  rate  is  at  about  20  pm/min.  The  Schottky  contacts  of  2  mm  diameter  are 
fabricated  by  vacuum  metal  evaporation,  Au  on  n-type  and  A1  on  p-type  crystals.  Ohmic  contacts 
are  produced  by  scratching  an  eutectic  InGa  alloy  on  the  back  side  of  the  samples.  Some  chemically 
etched  samples  are  annealed  at  temperatures  200-500°C  for  one  hour  in  Ar  atmosphere.  No 
additional  surface  treatment  is  performed  in  this  case  before  Schottky  diode  fabrication. 
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The  measurements  are  performed  on  a  computerized  DLTS  system  with  a  lock-in  amplifier  as  a 
correlator.  Energy  levels  are  determined  from  the  Arrhenius  plots  of  the  thermal  emission  rate  using 
the  standard  correction.  The  spatial  distribution  of  the  deep-level  centres  is  calculated  by  digital 
differentiation  of  the  DLTS  signal  dependence  on  the  filling  pulse  amplitude  at  a  fixed  reverse  bias. 
The  inhomogeneous  profile  of  the  shallow  dopants  which  is  determined  by  CV  measurements  is 
properly  included  in  the  evaluation  of  the  deep-level  depth  profiles. 


Results  and  discussion 

P-fvpe  Si.  reverse  bias  annealing 

Previous  investigations  on  p-type  Si  crystals  doped  with  transition  metals  (for  instance  gold  [1]) 
established  that  almost  all  hydrogen  atoms  injected  in  the  crystal  during  chemical  etching  are 
trapped  by  boron  and  no  (or  very  small  concentrations  of)  hydrogen-transition  metal  complexes  can 
be  detected  immediately  after  etching.  The  same  situation  is  found  in  silver  doped  samples.  The 
dotted  line  in  Fig.  1  shows  the  DLTS  spectrum  from  a  chemically  etched  sample  ■without  any 
additional  treatment.  Only  the  DLTS  HI -peak  of  the  silver  donor  level  is  detected  (see  Table  1).  A 
small  peak  at  -260  K  can  be  associated  with  the  weak  hole  emission  from  the  mid-gap  silver 
acceptor  level. 

Hydrogen  introduced  in  the  near  surface  region  is  drifted  into  the  bulk  by  reverse  bias  annealing 
(RBA)  at  moderate  temperatures  [7].  This  process  is  monitored  by  the  formation  of  the  dip  in  the 
active  boron  concentration  profile  obtained  from  CV  measurements  (Fig.  2,  dotted  curve).  After 
such  a  treatment  3  new  peaks  appear  in  the  DLTS  spectrum:  H2,  H3  and  a  small  peak  at  66  K  (Fig. 
1,  solid  curve).  The  spatial  distributions  of  these  new  centres  (except  the  latter)  and  the  silver  donor 
level  are  shown  in  Fig.  2.  It  is  seen  that  the  concentration  of  the  substitutional  silver  donor  follows 
qualitatively  the  CV  profile  and  shows  a  dip  at  5h-9  pm,  the  new  defects  exhibit  a  maximum 
approximately  at  the  same  depth.  Moreover,  the  reduction  of  the  silver  donor  concentration  is 
approximately  equal  to  the  sum  of  the  concentrations  of  the  H2-  and  H3 -defects.  These  findings 
give  strong  evidence  for  the  association  of  these  new  defects  with  two  different  silver-hydrogen 
complexes.  The  centre  responsible  for  the  DLTS  peak  at  66  K  has  a  maximum  concentration  in  the 
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Figure  1.  DLTS  curves  taken  in  p-type 
Si  (Ag)  immediately  after  chemical  etching 
and  following  reverse  bias  annealing 
(RBA). 


Figure  2.  Coneentration  profiles  of  the  deep-level 
centres  measured  in  p-type  Si  (Ag)  after  2h  reverse 
bias  annealing  at  380  K.  The  distribution  of 
electrically  active  boron  [B']  is  also  shown. 
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hydrogen-rich  region  and  seems  also  to  be  hydrogen-related.  However,  its  concentration  reaches  a 
saturation  at  a  very  early  stage  of  the  annealing,  when  hydrogen  and  silver  atoms  are  still  available. 
The  saturation  level  is  low  compared  to  the  silver  concentration  and  we  believe  that  this  defect  is 
most  probably  not  silver-related. 

In  all  experiments  the  H2-  and  H3 -centres  have  maximum  concentration  approximately  at  the  same 
depth.  However,  their  formation  kinetics  at  380  K  are  quite  different;  the  H2-centre  increases  much 
faster  at  early  stages  of  annealing  and  the  concentrations  of  these  two  centres  become  comparable 
only  after  long  annealing  times.  The  quantitative  analysis  of  the  kinetics  observed  shows  that  such 
behavior  is  in  agreement  with  the  assumption  that  the  H3-centre  is  formed  by  addition  of  another 
hydrogen  atom  to  the  H2-centre.  The  H3-defect  is  therefore  most  probably  an  Ag— H2  complex. 

For  longer  (several  hours)  anneals  at  380  K  the  sum  concentration  of  all  silver-related  deep-level 
centres  also  reveals  a  dip  in  the  region  of  the  maximum  hydrogen  concentration.  This  implies  that 
during  further  hydrogenation  silver  atoms  are  transfered  into  electrically  inactive  complexes 
(Ag-Hx,X>3). 


N-tvpe  Si.  room  temperature  etching 

In  contrast  to  p-type  crystals  and  in  accordance  with  the  results  of  previous  investigations  on  n-type 
Si  <Au)  [1,  2],  the  effect  of  hydrogenation  during  chemical  etching  on  the  DLTS  spectrum  of  n-type 
samples  is  observed  without  any  additional  treatment.  The  dotted  line  in  Fig.  3  shows  the  DLTS 
spectrum  taken  at  high  reverse  bias  and  relatively  small  filling  pulse  amplitude.  Under  these 
measurement  conditions  only  the  centres  located  at  9-fll  pm  from  the  etched  surface  (where  the 
effect  of  etohing  is  negligible)  contribute  to  the  signal.  This  curve  is  dominated  by  the  El -peak  at 
258  K,  which  can  be  identified  with  the  substitutional  silver  acceptor  level  (see  Table  1).  A  small 
shoulder  at  ~  200  K  was  detected  in  all  the  investigated  samples.  It  is  not  clear  at  the  moment  if  the 
corresponding  defect  is  silver-related,  the  concentration  is  always  small  compared  to  the 
concentration  of  the  silver  acceptor  and  does  not  affect  the  transformations  considered  below.  The 
nature  of  the  defect  level  at  ~  200  K  and  the  behavior  under  hydrogenation  will  not  be  discussed  in 
this  paper. 


4  6  8 

Depth  (pm) 


Figure  3.  DLTS  curves  taken  at  different 
reverse  bias  /  filling  pulses  in  n-type  Si  (Ag), 
which  was  chemically  etched  before  Schottky 
diode  fabrication. 


Figure  4.  Concentration  profiles  of  the  deep- 
level  centres  after  chemical  etching  of  n-type 
Si  (Ag). 
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The  solid  curve  in  Fig.  3  shows  the  DLTS  signal  from  the  near  surface  region  of  the  same  sample.  It 
is  seen  that  in  this  region  the  El-peak  becomes  much  smaller  while  two  other  peaks  of 
approximately  the  same  amplitude  appear.  The  similar  change  in  the  DLTS  spectrum  was 
interpreted  in  [5]  as  a  shift  of  the  silver  acceptor  peak  towards  lower  temperatures.  Under  the 
conditions  presented  in  Fig.  3  the  average  electric  fields  in  the  regions  from  which  the  electron 
emission  is  studied  are  small  (<  8-10^  V/cm)  and  equal  within  20%.  Therefore,  the  great  peak  shift 
( >  10  K)  can  not  be  attributed  to  the  weak  field  dependence  of  the  emission  from  the  silver  acceptor 
level  [8].  We  have  indications  that  the  shifted  DLTS  line  is  composed  of  two  lines,  the  unshifted  El 
peak  and  a  new  hydrogen  induced  line  E2.  The  parameters  of  the  El-  and  E2-levels  presented  in 
Table  1  are  obtained  by  the  deconvolution  of  the  capacitance  transient  into  two  exponential  decays. 
There  is  no  report  on  the  E3  peak  in  the  literature.  The  small  peak  at  88  K  seems  to  be  identical  to 
the  S-peak  in  Ref  [5].  As  in  the  case  of  the  peak  at  66  K  in  p-type  samples,  this  peak  is  always 
small  compared  to  the  silver-related  peaks  and  possibly  not  silver-related. 

The  depth  profiles  of  the  centres  with  the  highest  concentration  are  presented  in  Fig.  4.  At  greater 
depths  (4-^10  pm  from  the  surface)  the  concentrations  of  the  E2-  and  E3 -centre  coincide  within  the 
accuracy  of  the  measurements.  The  sum  of  the  concentrations  of  the  El  and  E2  (or  E3)  centres  is 
nearly  constant  for  a  depth  deeper  than  3  (4)  pm  and  is  equal  to  the  initial  electrically  active  silver 
concentration.  This  behavior  indicates  that  E2  and  E3  are  two  levels  of  the  same  defect,  the  defect 
originates  from  substitutional  silver  atoms  due  to  hydrogenation. 


Table  1.  Energy  levels,  majority  carrier  capture  cross  sections  On.p  and  assignment  of  the 
deep  levels  observed  in  silver-doped  silicon.  and  Onp  are  both  determined  from  the 
Arrhenius  plot  of  the  thermal  emission  rates. 


Level 

Activation  energy  E^  (eV) 

CT„  or  Op  (cm^) 

Assignment 

El 

Ec-0.56 

7.5-10''^ 

E2 

Ec-0.45 

2.4- 10"’® 

(Ag-H)-'” 

E3 

Ec-0.09 

6.7-10'‘*^ 

(Ag-H)-'- 

HI 

Ev+0.37 

9.7- lO'’"* 

Ag°^^ 

H2 

Ev+0.28 

6.610‘'^ 

(Ag-H)°'" 

H3 

Ev+0.38 

2.M0''^ 

(Ag-H^) 

The  CV-measurements  at  different  temperatures  reveal  the  acceptor  character  of  the  E2-level. 
Therefore,  the  E3 -level  should  exhibit  the  properties  of  a  double-acceptor.  The  capture  of  a  second 
electron  should  be  influenced  by  an  electrostatic  barrier.  Indeed,  the  capture  cross  section  of  this 
level  measured  by  variation  of  the  filling  pulse  width  is  found  to  be  approximately  100  times 
smaller  than  determined  by  emission  and  shown  in  Table  1  and  exhibits  a  strong  temperature 
dependence. 

The  concentration  of  all  deep-level  centres  vanishes  near  the  surface  (see  Fig.  4),  where  the 
maximum  hydrogen  concentration  exists.  Apparently,  high  hydrogen  concentrations  leads  to  a  full 
passivation  of  all  silver-related  deep  levels  in  the  upper  half  of  the  gap.  In  p-type  Si  <Ag)  we  have 
already  detected  a  reduction  of  all  deep-level  centres  in  the  hydrogen-rich  region  after  long  term 
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annealing  at  380  K.  Therefore,  the  electrically  active  silver-hydrogen  complexes  seem  to  be 
intermediate  stages  of  the  total  passivation  of  the  silver  levels. 

The  great  difference  in  concentrations  of  the  E2-  and  E3-levels  in  the  region  of  2-^4  pm  from  the 
surface  is  not  completely  clear  now.  Most  probably,  another  centre  with  the  level  similar  to  that  of 
the  E2-centre  contributes  to  the  DLTS  signal.  Taking  into  account  that  the  H3-level  in  p-type 
crystals  has  already  been  assigned  to  the  Ag-H2  complex,  the  difference  discussed  can  be 
tentatively  ascribed  to  another  level  of  this  defect.  Note  that  the  formation  of  this  defect  in  n-type  Si 
is  expected  in  this  region,  in  which  the  concentration  of  hydrogen  is  higher  than  in  deeper  layers  but 
not  sufficient  for  a  total  passivation  of  the  electrical  activity  of  the  silver-related  centres. 

Annealing  at  higher  temperatures 

Annealing  of  both  n-  and  p-type  crystals  at  temperatures  Tgnn  >  200°C  is  performed  after  chemical 
etching  without  Schottky  contacts.  No  new  levels  are  observed  in  coneentrations  comparable  to 
those  of  the  silver-related  centres  discussed  above.  The  main  effect  of  annealing  in  the  range 
200°C  <  Tan„  <  350°C  consists  in  a  further  decrease  of  the  silver  acceptor  and  donor  concentration 
near  the  surface,  an  increase  of  the  total  number  of  silver-hydrogen  complexes  and  a  notable  shift  of 
their  profiles  deeper  into  the  crystal.  Such  a  shift  is  shown  in  Fig.  5  for  the  E3-level  in  n-type  Si  and 

the  H2-level  in  p-type  Si. 

The  Fermi  level  position  during 
annealing  at  Ta„„  >  200°C  in  our 
moderately  doped  (  ~  2T0''’  cm'^) 
samples  is  located  approximately  in  the 
middle  of  the  gap.  Both  H-B  and  H-P 
pairs  are  unstable  at  these  annealing 
temperatures.  Due  to  the  coincidence  of 
the  E3-  and  H2-profiles  after  annealing 
at  200+300°C  (Fig.  5)  we  assign  both 
levels  to  the  same  centre.  In  addition, 
the  identical  profiles  give  evidence  for  a 
similar  distribution  of  hydrogen  in  n- 
and  p-type  silicon  at  higher 
temperatures.  Annealing  expands  the 
near  surface  region  in  which  no  deep- 
level  defects  exist  in  n-  and  p-type 
crystals  and  only  electrically  inactive 
silver-hydrogen  complexes  are  formed. 
Increasing  the  annealing  temperature  up 
to  400-^500°C  results  in  the  dis¬ 
appearance  of  all  deep-level  centres 
attributed  to  silver-hydrogen  com¬ 
plexes.  Simultaneously,  the  profiles  of  the  silver  acceptor  and  donor  levels  beeome  flat  with  the 
concentration  of  eleetrically  active  substitutional  silver  being  equal  to  that  in  the  initial  crystals. 
This  means  that  all  the  silver-hydrogen  complexes  (including  those  electrically  inactive)  are 
unstable  under  such  annealing  conditions.  The  exact  value  of  the  annealing  temperature  resulting  in 
destruction  of  silver-hydrogen  complexes  seems  to  depend  on  the  eooling  rate  after  annealing. 
Apparently  part  of  the  free  hydrogen  remains  in  the  crystal  and  interacts  with  silver  during  cooling. 
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Figure  5.  Spatial  distribution  of  the  E3-level  after 
chemical  etching  and  subsequent  annealing.  Dotted 
lines  show  the  H2-centre  distribution  measured  in  p- 
type  Si  <Ag>  after  the  corresponding  annealing.  E3-  and 
H2-concentrations  were  normalized  according  to  the 
initial  silver  concentration  in  n-  and  p-type  samples. 
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Conclusion 

We  have  studied  the  interaction  of  hydrogen  with  substitutional  silver  atoms.  An  electrically  active 
Ag-H  complex  is  formed  at  room  temperature  in  n-type  Si  and  at  least  at  370  K  in  p-type  Si.  This 
complex  has  an  acceptor  level  at  Ec  -  0.45  eV,  a  second  acceptor  level  at  Ec  -  0.09  eV,  and  a  donor 
level  at  Ey  +  0.28  eV.  Adding  another  hydrogen  atom  results  in  the  formation  of  an  Ag-H2 
complex,  which  reveals  an  energy  level  at  Ey  +  0.38  eV.  Further  hydrogenation  leads  to  the 
formation  of  electrically  inactive  silver-hydrogen  complexes.  Annealing  at  >  400°C  destroys 
all  silver-hydrogen  complexes  and  restores  the  electrical  activity  of  the  isolated  silver  atoms. 

The  comparison  of  the  results  in  Ag  doped  samples  with  the  published  data  on  Au  doped  samples 
exhibits  the  similar  structure  of  energy  levels  in  these  two  systems.  The  substitutional  silver  and 
gold  atoms  reveal  amphoteric  behavior,  the  donor  and  acceptor  levels  of  both  impurities  are  difficult 
to  distinguish  by  DLTS.  The  complex  of  these  transition  metals  with  one  hydrogen  atom  gives  three 
new  levels  in  the  gap:  E3,  E2,  and  H3  for  Ag— H  and  G1  (E^  —  0.19  eV),  G4  (E^  —  0.53  eV),  and  G2 
(Ey  +  0.21  eV)  for  the  Au-H  pairs  [1].  Both  E3  and  G1  show  a  temperature  dependent  capture  cross 
section  [9].  The  two  levels  E2  and  G4  reveal  only  a  small  energy  shift  from  the  position  of  the 
original  acceptor  levels.  The  H3  and  G3  (Ey  +  0.47  eV)  levels  can  be  correlated  by  their  similar 
formation  kinetics.  However,  there  is  a  remarkable  difference  in  the  thermal  stability  of  silver- 
hydrogen  and  gold-hydrogen  complexes  (400-500°C  for  Ag-H  vs.  250-300°C  for  Au-H). 
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Abstract 

The  electrical  properties  of  palladium-hydrogen  related  defects  in  n-  and  p-type  silicon  are  studied 
by  deep-level  transient  spectroscopy  (DLTS).  Wet-chemical  etching  leads  to  the  formation  of 
several  electrically  active  and  at  least  one  passive  Pd-H  complexes.  Depth  profile  measurements 
and  heat  treatments  enable  us  to  distinguish  between  different  palladium-hydrogen  related  centers. 
The  correlation  between  hydrogen  induced  levels  in  palladium  and  platinum  doped  silicon  is 
discussed. 

Introduction 

Hydrogen  is  known  to  interact  with  transition  metals  in  silicon  by  passivation  of  their  deep  levels 
and  by  formation  of  electrically  active  transition  metal-hydrogen  complexes  [1,2].  An  example  for 
a  5d  transition  metal  is  platinum  where  several  Pt-H  complexes  have  been  detected  [3,4].  Palladium 
as  the  4d  relative  of  platinum  exhibits  almost  identical  electronic  properties.  This  is  explained  by 
the  so  called  ’’vacancy  model”  which  is  based  on  structural  similarities  between  the  substitutional 
Pd  and  Pt  defect  with  the  vacancy  in  silicon  [5].  It  is  expected  that  the  close  relationship  of  the 
isolated  substitutional  defects  leads  to  similar  transition  metal-hydrogen  complexes.  However,  no 
information  is  yet  available  concerning  the  formation  and  the  properties  of  palladium-hydrogen 
related  defects.  In  this  study  we  present  evidence  for  hydrogen  induced  electrically  active  and 
passive  Pd  complexes  in  Si  and  compare  the  results  with  Pt  doped  silicon. 

Experimental 

We  used  phosphorus-  or  boron-doped  float  zone  or  Czochralski  silicon  with  doping  concentrations 
in  the  range  of  Ixio'^'  -  Ixio'^  cm'^.  Palladium  was  introduced  during  crystal  growth  [6]  or  by 
diffusion  at  temperatures  between  800  °C  and  1000  °C.  The  total  concentration  of  electrically 
active  palladium  reached  Ixio'^  -  5x10*''  cm’^.  Hydrogenation  of  the  samples  was  performed  by 
wet-chemical  etching  in  a  1:2:1  mixture  of  HF,  HNO3  and  CH3COOH  before  evaporation  of  the 
Schottky  contacts  (A1  for  p-type  Si,  Au  for  n-type  Si).  In  addition,  hydrogen  incorporation  during 
wet-chemical  etching  was  avoided  by  cleaving  the  samples  and  evaporation  of  the  contacts  directly 
onto  the  surface  without  any  further  surface  treatment. 

The  experimental  set-up  is  a  computerized  lock-in  deep  level  transient  spectroscopy  (DLTS) 
system.  The  shallow  dopant  concentration  profiles  are  determined  by  capacitance-voltage  (CV) 
measurements  at  room  temperature  (1  MHz).  DLTS  concentration  profiling  was  used  to  determine 
the  distribution  of  the  deep  levels.  The  profiles  are  calculated  taking  into  account  the  nonuniform 
shallow  dopant  profiles. 
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Results 

A  typical  DLTS  spectram  of  a  palladium  doped  p-type  silicon  sample  after  wet  etching  is  shown  in 
Fig.  la.  We  observe  two  dominant  DLTS  peaks  at  165  K  and  at  70  K.  These  signals  can  be 
assigned  to  the  single  [7,8]  and  double  donor  level  of  substitutional  palladium  [9,10]. 

In  addition  to  the  two  Pd  donor  levels,  a  small  peak  labeled  H(280)  is  detected  at  280K  in  the 
etched  sample.  This  signal  increases  after  annealing  at  370  K  for  30  min  while  the  substitutional 
palladium  signals  decrease  by  the  same  amount  (Fig.  lb).  A  heat  treatment  at  400  K  leads  to  a 
further  enhancement  of  H(280)  as  shown  in  Fig.  Ic.  At  the  same  time  three  new  levels  appear  in  the 
spectrum,  H(45),  H(55)  and  H(140),  and  the  two  palladium  donor  signals  are  drastically  reduced. 
Annealing  at  temperatures  between  450  and  550  K  results  in  a  decrease  of  all  observed  peaks 
without  the  occurance  of  new  signals.  While  H(45),  H(55)  and  H(140)  vanish  after  one  hour  at  550 
K,  level  H(280)  is  slightly  more  stable,  but  anneals  out  after  several  hours  at  650  K.  Furthermore, 
we  observe  for  temperatures  above  600  K  an  enhancement  of  the  Pd  donor  signals.  A  one  hour  heat 
treatment  at  750  K  leads  to  a  complete  recovery  of  the  Pd  donor  signals  and  their  intensities  agree 
with  the  initial  values  after  wet-chemical  etching. 

Figure  2  shows  the  depth  profiles  of  the  shallow  and  deep  levels  after  etching  and  after  a  heat 
treatment  at  370  K  applying  a  reverse  bias  of  -8  V  to  the  Schottky  diode.  After  wet  etching  we 
observe  a  reduction  of  the  net  active  boron  concentration  in  the  region  close  to  the  surface  (solid 
line  in  Fig.  2a).  This  passivation  is  caused  by  the  introduction  of  hydrogen  during  the  etching  and 
the  formation  of  electrically  inactive  B-H  pairs  [11].  The  corresponding  depth  profiles  of  the  deep 
levels  after  etching  are  shown  in  Fig.  2b.  Level  H(280)  is  only  detected  close  to  the  sample  surface 
where  hydrogen  has  been  incorporated  while  the  Pd  single  and  double  donor  profiles  are  imiform. 


0  100  200  300  0  5  10  15  20 


temperature  (K)  depth  (pm) 

Figure  1  DLTS  spectra  of  Pd  doped  p-  Figure  2  a)  Depth  profiles  of  the  net  boron 
type  Si.  a)  after  etching;  b)  after  etching  and  acceptor  concentration  in  an  etched  sample  and  after 

subsequent  zero  bias  annealing  at  370  K  for  a  subsequent  reverse  bias  annealing  at  370  K  for  30 

30  min;  c)  after  etching  and  subsequent  zero  min  using  a  reverse  bias  of -8  V;  b)  De^th  profiles  of 

bias  annealing  at  400  K  for  30  min.  The  the  palladium  related  defects  Pd®'"^,  Pd'^'^'^  and  H(280) 

emission  rate  is  42  s"'.  after  etching;  c)  Depth  profiles  after  an  additional 

reverse  bias  annealing. 
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Level 

Activation  energy  E^  (eV) 

a„  or  cTp  (cm^) 

Assignment 

E(60) 

Ec-0.10 

M0''*(57K) 

Pd-H  related 

Pd(115) 

Ec  -  0.23 

3-10'’^ 

Pd"^® 

E(160) 

Ec  -  0.29 

2-10'’^ 

Pd-H  related 

E(200) 

Ec  -  0.43 

7-10''^ 

Pd-H  related 

H(280) 

Ev  +  0.55 

2-10'‘’ 

Pd-H  related 

Pd(165) 

Ev  +  0.31 

610''^ 

Pd0/+ 

H(140) 

Ev  +  0.23 

5-10‘'^ 

Pd-H  related 

Pd(70) 

Ev  +  0.14 

M0‘'*(70K) 

Pd+/++ 

H(55) 

Ey  +  0.08 

2-1  O’’’ 

Pd-H  related 

H(45) 

Ev  +  0.07 

MO’’* 

Pd-H  related 

Table  1  Activation  energy  levels  determined  from  Arrhenius  plots  of  the  emission  rates,  capture 
cross  sections  On  p  determined  by  variation  of  the  filling  pulse  length  and  the  assignment  of  the  deep 
levels  observed  in  Pd  doped  silicon.  The  activation  energies  of  E(60)  and  Pd(70)  are  field  dependent 
and  the  values  are  given  from  extrapolation  to  zero  field.  The  temperature  dependence  of  the  capture 
cross  sections  has  been  measured  for  all  levels.  E(60)  and  Pd(70)  have  thermally  activated  capture 
cross  sections,  while  the  values  of  Op  p  do  not  show  a  temperature  dependence  for  the  other  levels. 

Annealing  under  reverse  bias  affects  the  depth  profiles  of  both  the  shallow  and  the  deep  defects 
dramatically.  The  boron-hydrogen  pairs  dissociate  in  the  surface  region  resulting  in  a  reactivation 
of  boron.  The  released  positively  charged  hydrogen  drifts  to  the  end  of  the  space  charge  region 
where  new  B-H  pairs  are  formed  causing  the  dip  in  the  net  boron  profile  at  a  depth  of  12  pm 
(dashed  line  in  Fig.  2a).  At  the  same  time  we  observe  an  increase  of  the  concentration  of  H(280)  at 
the  same  depth  accompanied  by  an  equal  reduction  of  the  Pd  single  and  double  donor 
concentrations  as  shown  in  Fig.  2c.  This  strongly  suggests  that  FI(280)  is  caused  by  a  palladium- 
hydrogen  complex. 

The  behavior  of  the  levels  which  are  formed  at  higher  temperatures  (H(45),  H(55)  and  H(140)) 
resembles  H(280).  All  these  signals  are  maximized  at  the  same  depth  as  H(280)  after  the  reverse 
bias  annealing  (not  shown).  This  suggests  that  they  also  belong  to  palladium-hydrogen  complexes. 
The  different  Pd-H  related  levels  in  p-type  silicon  can  be  distinguished  by  their  depth  profiles  and 
thermal  stabilities.  We  find  that  H(45)  and  H(55)  belong  to  the  same  complex  while  H(140)  and 
H(280)  are  caused  by  different  centers. 

After  heat  treatments  below  450  K  the  sum  of  the  concentrations  of  all  the  Pd  related  centers  agrees 
with  the  initial  palladium  concentration  in  the  etched  sample.  This  is  not  the  case  for  annealing  at 
higher  temperatures,  where  we  observe  a  decrease  in  the  total  Pd  concentration  in  the  region  where 
hydrogen  is  concentrated.  Since  this  behavior  is  not  detected  in  cleaved  samples  which  are  free  of 
hydrogen  we  tentatively  assign  this  effect  to  the  formation  of  an  electrically  passive  Pd-H  complex. 
Such  a  passivation  of  palladium  was  previously  reported  [12]. 

In  cleaved  n-type  silicon  only  the  acceptor  level  of  substitutional  Pd  is  observed  as  shown  in  Fig. 
3a  [7,8].  In  contrast  to  p-type  Si,  the  DLTS  spectrum  has  already  changed  dramatically  after  wet- 
chemical  etching  (Fig.  3b).  The  Pd  acceptor  signal  decreases  significantly  while  three  new  peaks 
appear  in  the  spectrum  labeled  E(60),  E(160)  and  E(200).  The  corresponding  values  for  activation 
energies  and  capture  cross  sections  are  presented  in  Table  1.  It  should  be  noted  that  level  E(60) 
shows  an  electric  field  dependence  of  the  activation  energy  and  a  thermal  activation  of  the  electron 
capture  cross  section. 

At  higher  temperatures  we  observe  a  decrease  of  all  signals.  E(60)  and  E(160)  anneal  out  between 
500  K  and  550  K  while  E(200)  disappears  at  650  K.  At  temperatures  above  600  K  the  Pd  acceptor 
recovers  and  after  a  one  hour  heat  treatment  at  750  K  the  acceptor  signal  has  regained  its  initial 
intensity  as  in  the  cleaved  sample. 
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Figure  3  DLTS  spectra  of  Pd  doped  n-type 
Si.  a)  cleaved  sample;  b)  after  etching.  The 
emission  rate  is  42  s''. 


Figure  4  a)  Depth  profiles  of  the  net 
phosphorus  donor  concentration  in  a  cleaved 
sample  and  after  etching;  b)  Depth  profile  of  the 
Pd  acceptor  in  a  cleaved  sample;  c)  Depth 
profiles  of  the  palladium  related  defects  Pd 
E(60),  E(1 60)  and  E(200)  after  etching. 


Figure  4a  shows  the  corresponding  profiles  of  the  net  phosphorus  donor  concentration.  For  the 
cleaved  sample  we  observe  a  flat  profile,  while  a  reduction  of  the  net  active  phosphorus 
concentration  is  observed  after  etching  in  the  region  close  to  the  surface  (at  depths  <  5  pm).  The 
origin  of  this  passivation  is  hydrogen  diffusion  into  the  surface  region  and  the  subsequent 
formation  of  passive  P-H  complexes  [13]. 

The  profile  of  the  Pd  acceptor  is  flat  in  the  cleaved  sample  (Fig.  2b).  After  wet-chemical  etching 
three  additional  palladium  related  levels  appear:  E(60),  E(160)  and  E(200).  All  three  levels  have 
their  maximum  concentration  within  the  depth  where  hydrogen  has  diffused  in  (3  -  5  pm)  and 
decrease  towards  the  bulk  and  the  surface  (Fig.  4b).  The  profiles  of  E(60)  and  E(160)  are  similar 
after  etching  in  contrast  to  the  E(200)  profile  which  is  always  shifted  to  larger  depths.  E(60) 
decreases  slightly  faster  during  armealing  at  temperatures  above  450  K  than  E(160).  Therefore,  we 
assign  E(60),  E(160)  and  E(200)  to  three  different  Pd-H  complexes. 

The  sum  of  the  concentration  of  all  palladium  related  levels  is  also  shown  in  Fig.  4b.  At  depths  >  4 
pm  the  total  concentration  of  electrically  active  palladium  is  uniform  and  equals  the  concentration 
in  the  cleaved  sample  while  a  reduction  of  the  sum  in  the  region  close  to  the  surface  is  observed. 
This  region  extends  deeper  into  the  bulk  after  armealing  at  temperatures  above  450  K,  but  a  heat 
treatment  above  600  K  results  in  a  reactivation  of  electrically  active  palladium  in  the  form  of  the 
substitutional  palladium  acceptor.  The  passivation  and  reactivation  kinetics  resemble  the  behavior 
in  p-type  silicon  indicating  that  both  in  n-  and  p-type  silicon  a  passive  Pd-H  complex  is  formed 
between  450  K  and  600  K. 
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Discussion 

DLTS  depth  profile  studies  reveal  that  wet-chemical  etching  of  Pd  doped  silieon  leads  to  the 
formation  of  several  Pd-H  complexes  in  p-  and  n-type  samples.  In  n-type  Si  the  Pd-H  related  defect 
levels  are  already  observed  directly  after  etching  while  an  additional  annealing  step  is  needed  to 
detect  the  complexes  in  p-type  Si.  These  differences  can  be  explained  by  the  interaction  between 
hydrogen  and  the  shallow  dopants.  In  p-type  Si,  most  of  the  hydrogen  is  complexed  with  boron 
after  etching.  In  contrast,  pairing  of  phosphorus  and  hydrogen  in  n-type  Si  is  less  efficient,  which 
enables  a  considerable  formation  of  Pd-H  complexes  already  at  room  temperature.  Similar 
differences  between  the  formation  kineties  in  p-  and  n-type  Si  have  also  been  reported  for  other 
transition  metal-hydrogen  eomplexes  [1,2,4].  In  Fig.  5  the  energy  levels  of  both  the  isolated 
substitutional  Pd  defeet  and  the  Pd-H  complexes  are  illustrated  in  an  energy-level  diagram.  The 
three  hydrogen  related  levels  in  n-type  Si  (E(60),  E(160),  E(200))  belong  most  probably  to  three 
different  Pd-H  complexes  due  to  their  different  thermal  stabilities  and  concentration  depth  profiles. 
In  p-type  Si  the  shallow  levels  H(45)  and  H(55)  are  most  likely  different  charge  states  of  the  same 
center,  while  H(140)  and  H(280)  are  caused  by  different  defects.  Thus  we  assume  that  palladium 
also  forms  three  different  complexes  with  hydrogen  in  p-type  material.  In  addition,  we  observe  both 
in  n-  and  p-type  silicon  an  electrically  inactive  Pd-H  complex. 

-Hx  Pt-Hy  Pt 

E(60) 

- E(90) 

E(160)  "”0 

E(200) 

- E(250) 

H(280)  V. 

S. 

- H(210)  p 

- H{150)  —+ 

H(140) 

H(55)  + 

H(45j  ++ 

Figure  5  Energy-level  diagram  showing  the  levels  of  the  isolated  substitutional  defects  and  the 
hydrogen-related  levels  for  palladium  and  platinum. 

Figure  5  also  shows  the  energy  levels  of  the  substitutional  defect  and  the  hydrogen  related 
complexes  for  platinum  [4].  The  close  relationship  between  Pd  and  Pt  is  displayed  by  the  fact  that 
both  transition  metals  do  not  only  occur  in  the  same  charge  states,  but  also  the  corresponding 
energy  levels  almost  coincide. 

We  do  not  find  sueh  a  complete  agreement  between  both  metals  when  we  compare  the  hydrogen 
related  defects.  Especially,  palladium  seems  to  exhibit  more  hydrogen  indueed  levels.  Furthermore, 
it  forms  a  passive  complex  with  hydrogen  which  is  not  observed  for  platinum  [4].  However,  it  is 
possible  to  correlate  certain  levels  for  both  metals  due  to  their  electrical  and  thermal  properties. 
These  levels  might  be  caused  by  hydrogen  related  complexes  with  the  same  structure  containing  the 
same  number  of  hydrogen  atoms.  Possible  candidates  for  sueh  a  correlation  are  connected  by 
arrows  in  Fig.  5.  The  corresponding  levels  show  similar  thermal  stabilities  and  concentration  depth 
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profiles.  Furthermore,  common  characteristic  properties  of  E(60)  (Pd)  and  E(90)  (Pt)  are  the  field 
dependence  of  the  activation  energy  and  a  thermally  activated  capture  cross  section. 

In  Pt  doped  silicon  the  four  hydrogen  related  levels  have  been  assigned  to  at  least  three  different  Pt- 
H  complexes  [4].  Based  on  measurements  with  minority  carrier  injection  and  a  comparison  of  the 
concentration  depth  profiles,  an  assignment  of  E(90)  and  H(210)  to  the  same  Pt-H  complex  cannot 
be  excluded.  This  defect  is  a  candidate  for  the  PtH2-complex  observed  by  electron  paramagnetic 
resonance  (EPR)  and  vibrational  spectroscopy  [3].  The  comparison  in  Fig.  5  shows  that  the 
corresponding  levels  in  Pd  doped  silicon  are  E(60)  and  H(280)  which  are  both  shifted  by  about  100 
to  150  meV  towards  the  conduction  band,  compared  to  E(90)  and  H(210)  in  the  Pt  case.  EPR  and 
vibrational  spectroscopy  measurements  are  necessary  to  determine  if  a  PdH2-complex  exists  and  if 
E(60)  and  H(280)  are  possibly  energy  levels  of  such  a  center. 

Conclusion 

In  summary,  we  observe  seven  palladium-hydrogen  related  levels  in  Pd  doped  silicon  after  wet- 
chemical  etching.  At  least  two  of  them  belong  to  the  same  center.  In  p-type  Si  a  heat  treatment  is 
necessary  to  detect  the  defects.  An  additional  electrically  passive  complex  is  formed  in  the 
hydrogen-rich  region  of  the  samples  at  temperatures  between  450  and  600  K.  Palladium  tends  to 
form  more  hydrogen  related  complexes  than  the  electronically  closely  related  platinum.  However,  a 
correlation  of  all  Pt-H  related  levels  to  corresponding  Pd-H  related  levels  is  possible.  All  Pd-H 
complexes  anneal  out  between  500  and  700  K  and  the  substitutional  palladium  concentration 
reaches  ist  initial  value  before  hydrogenation. 
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Abstract.  We  have  measured  the  velocity  of  dislocation  glide  motion  in  phosphorus-doped  FZ- 
silicon  during  hydrogen  plasma  irradiation,  and,  have  found  for  the  first  time  that  the  velocity  was 
drastically  promoted  under  hydrogen  plasma  by  a  factor  of  10  to  100  in  the  temperature  range  of  390- 
480°C.  and  the  activation  energy  of  dislocation  motion  was  reduced  to  1.2eV  from  the  value  2.3eV, 
in  the  dark.  We  exclude  the  possibility  that  the  observed  phenomenon  is  due  to  so  called  radiation- 
enhanced  dislocation  glide  induced  by  plasma  light,  since  no  enhancement  of  dislocation  motion 
occurred  at  all  under  nitrogen  plasma  with  the  same  light  intensity  as  hydrogen  plasma,  and  hydrogen 
plasma  irradiation  with  covers  to  prevent  light  exposure  promoted  dislocation  motion  as  well.  In 
addition,  it  is  confirmed  by  spreading  resistance  measurements  that  hydrogen  atoms  were  actually 
incorporated  up  to  about  10  pm  beneath  the  surface  to  passivate  boron.  This  assures  us  that 
hydrogen  atoms  were  incorporated  to  enough  depths  at  the  temperatures  where  dislocation  velocity 
was  measured.  These  results  clearly  indicate  that  hydrogen  itself  enhances  dislocation  motion. 
Some  discussions  are  made  on  the  enhancement  mechanisms  of  dislocation  motion. 

Introduction. 

Dislocations  in  semiconductors  are  electrically  active  and  their  motion  is  largely  affected  by  their 
electronic  states.  For  example,  a  well-known  phenomenon  is  that  the  dislocation  velocity  is  affected 
by  the  species  and  amount  of  dopant  [1].  This  means  that  the  dislocation  velocity  depends  on  the 
Fermi  level  of  semiconductors.  Another  effect  is  that  dislocation  velocity  is  extremely  enhanced 
under  the  irradiation  of  laser  light  or  electron  beam  [2].  This  effect  is  known  as  radiation-enhanced 
dislocation  glide  (REDG),  and  is  explained  as  the  follow.  Excess  carriers  generated  by  the 
irradiation  of  light  or  electron  beam  recombine  at  the  dislocation  level  and  the  electronic  energy 
released  is  converted  to  lattice  vibrational  energy  through  multi-phonon  emission  and  effectively 
assists  the  dislocation  motion.  This  mechanism  is  widely  known  as  one  of  recombination-enhanced 
defect  reactions.  On  the  other  hand,  it  has  been  intensively  studied  that  the  hydrogen  incorporated  in 
semiconductors  interacts  with  electrically  active  defects  and  passivates  their  electrical  activities  [3]. 
On  the  basis  of  these  facts  mentioned  above,  we  have  conceived  that  if  hydrogen  atoms  in 
semiconductors  interact  with  dislocations,  which  are  believed  to  have  gap  states  originating  in 
themselves,  their  mobility  is  possibly  affected  by  hydrogen.  In  fact,  it  was  reported  that  the  How 
stress  of  silicon  single  crystal  is  reduced  under  hydrogen  plasma  [4].  This  strongly  suggests  that 
dislocation  velocities  may  be  promoted  by  means  of  hydrogen  plasma  irradiation.  The  purpose  of 
the  present  work  is  to  directly  study  the  effects  of  hydrogen  on  dislocation  motion  in  silicon.  In  our 
experiments,  we  measured  dislocation  glide  velocities  at  various  temperatures  under  hydrogen  plasma 
and  compared  them  to  those  measured  in  the  dark.  We  have  discovered  for  the  first  time  that  the 
dislocation  velocities  are  actually  promoted  by  hydrogen.  We  present  the  results  here  and  discuss 
possible  mechanisms  of  the  enhancement. 
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Experimental  procedure. 

Samples  used  to  measure  dislocation  velocities  were  phosphorus  doped  FZ  Silicon 
([P]=5.9xl0l4cm‘3).  The  samples  were  cut  from  ingots  into  a  jectangular  form  (about 
2xl5x0.5mm3)  with  the  (111)  top  face  and  the  longest  dimension  along  [132]  direction.  After  the 
samples  were  polished  mechanically  and  etched  chemically,  they  were  scratched  with  a  diamond  point 
loaded  60gw.  Then  they  were  set  in  a  four-point-bending  apparatus  tojre  givei^  driving  lorce  for 
dislocation  motion.  Resolved  sheer  stress  operating  on  dislocations  of  [Il0]/(111)  slip  system  was 
always  68MPa  in  this  study,  and  the  dislocation  concerned  was  60°  type.  The  double  etching 
method  was  taken  to  measure  the  dislocation  velocity.  The  Siitl  etchant  consisting  ol  CrO3(50g), 
H20(  100ml)  and  HF(  100ml)  was  used  to  reveal  the  positions  at  which  dislocations  intersect  the 
surface.  Hydrogen  plasma  of  13.56MHz  frequency  with  a  power  of  SOW  was  operated  to 
incorporate  hydrogen  into  samples.  The  procedure  of  measuring  dislocation  velocities  undei 
hydrogen  plasma  is  as  follows.  Dislocations  were  introduced  by  the  first  loading,  and  then  the 
samples  were  exposed  to  hydrogen  plasma  at  540°C  lor  2  hours.  During  this  pre-irradiation 
process,  hydrogen  atoms  may  be  incorporated  into  the  samples  up  to  about  2mm  that  is  calculated 
from  the  diffusion  coefficient  which  are  calculated  by  extrapolation  to  this  temperature  from  what  was 
measured  at  the  higher  temperature  (D=lxl0‘^cm2/s  [5]).  This  process  makes  sure  that  dislocations 
move  in  a  hydrogen-rich  environment  during  the  whole  second  loading  period,  where  the  second  load 
was  given  to  the  sample  at  a  testing  temperature  under  hydrogen  plasma  for  the  duration  in  which 
dislocations  move  by  a  distance  of  about  20~30(xm.  We  also  measured  dislocation  velocity  under 
nitrogen  plasma  to  study  the  effect  of  plasma  light.  The  plasma  conditions  were  the  same  as  those  ot 
hydrogen  except  for  no  pre-irradiation  process  of  nitrogen  plasma.  Spreading  resistance  (SR) 
measurements  were  also  done  to  confirm  the  introduction  ol  hydrogen  atom  into  samples.  Two 
kinds  of  crystals  were  used  for  SR  measurements.  One  was  the  same  as  that  used  for  dislocation 
velocity  measurements  and  the  other  was  p-type  silicon  with  a  boron  density  of  S.OxlOl^cm"^.  The 
reason  of  using  the  latter  crystal  is  that  boron  is  known  to  be  more  easily  passivated  by  hydrogen  than 
phosphorus  and  more  clearly  shows  the  incorporation  depth  of  hydrogen  as  the  width  ol  the  high 
resistivity  layer. 

Dislocation  velocities  under  hydrogen  plasma  irradiation. 

Figure  1  shows  the  temperature  dependence  of  dislocation  velocities  measured  both  under  hydrogen 
plasma  and  in  the  dark.  The  velocities  under  hydrogen  plasma  are  showed  by  tilled  circles  and  those 
in  the  dark  by  open  circles.  The  latter  depends  on  temperature  in  Arrhenius  type,  as  have  been  well 
known.  The  activation  energy  was  2.3eV,  which  is  slightly  higher  than  the  value,  2.1eV  or  2.2eV, 
that  were  previously  reported  [6].  Under  hydrogen  plasma,  the  velocities  are  remarkably  enhanced 
by  a  factor  of  10  to  100  in  the  temperature  range  of  390~480°C,  but  no  enhancement  effect  is  seen  at 
temperatures  above  500°C.  In  the  former  temperature  regime,  the  temperature  dependence  of 
dislocation  velocities  under  hydrogen  plasma  also  shows  Arrhenius  type,  but  the  activation  energy  is 
lowered  to  1 .2eV.  Moreover,  the  pre-exponential  factor  is  several  orders  smaller  than  that  in  the 
dark.  Around  the  transition  temperature  (about  500°C),  the  velocities  under  hydrogen  plasma  are 
discontinuously  changed  from  the  enhanced  value  to  the  normal  one  as  measured  in  the  dark.  This 
change  is  far  beyond  the  experimental  errors.  The  reason  for  such  a  loss  ot  enhancement  is  not 
clear.  The  above  hydrogen-induced  enhancement  of  dislocation  motion  observed  for  the  first  time  in 
our  experiments  is  phenomenologically  similar  to  REDO.  In  fact,  samples  were  irradiated  by  plasma 
light  during  plasma  irradiation.  However,  the  reduction  in  activation  energy,  l.leV,  under  hydrogen 
plasma  is  different  from  that  of  REDO,  0.8eV  [2].  In  the  next  section,  we  will  describe  the  results 
of  further  experiments  to  investigate  whether  the  plasma  light  enhances  dislocation  motion  via  REDO 
mechanism  or  hydrogen  really  plays  an  essential  role  in  the  enhancement. 
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Figure  1.  Temperature  dependence  of  dislocation  velocities.  Filled  circles  show  velocities 
measured  under  hydrogen  plasma,  and  open  circles  show  those  in  the  dark.  Below  480°C, 
dislocation  velocities  under  hydrogen  plasma  are  remarkably  enhanced  and  the  activation  energy 
was  reduced  to  1.2eV  from  the  value,  2.3eV,  in  the  dark.  The  velocities  measured  under  hydrogen 
plasma  with  a  cover  and  nitrogen  plasma  without  a  cover  are  also  shown  by  a  filled  and  open 
square,  respectively.  See  the  next  section. 

Effects  of  plasma  light  on  dislocation  motion. 

Hydrogen  plasma  irradiation  may  affect  dislocation  motion  in  two  ways.  One  is  attributed  to  the 
incorporation  of  hydrogen  itself  into  the  sample.  The  other  is  due  to  plasma  light  which  may  excite 
excess  carriers  and  cause  the  enhancement  by  REDO  mechanism.  In  order  to  check  the  latter 
possibility,  we  have  measured  dislocation  velocities  under  nitrogen  plasma.  Although  the  emission 
spectra  of  both  types  of  plasma  are  different,  nitrogen  plasma  illuminated  the  sample  with  similar 
intensity  to  hydrogen  plasma.  This  implies  that  similar  amounts  of  excess  carriers  were  created  by 
both  types  of  plasma.  Nitrogen  atoms  incorporated  in  the  sample  plays  no  electrical  role. 
Therefore,  we  could  investigate  only  the  effect  of  plasma  light.  The  result  was  shown  in  Fig.  1  by 
an  open  square.  The  velocity  measured  under  nitrogen  plasma  was  obviously  the  same  as  that  in  the 
dark.  We  have  done  a  more  direct  experiment  where  the  samples  were  exposed  to  only  hydrogen 
avoiding  plasma  light.  We  measured  dislocation  velocities  under  hydrogen  plasma  with  covers. 
The  sample  was  also  covered  during  the  pre-irradiation  as  well.  Hydrogen  atoms  may  have  diffused 
to  reach  the  sample  surface  through  the  side  of  covers,  but  plasma  light  should  have  gone  straight  and 
not  reached  the  sample.  The  result  was  shown  in  Fig.  1  by  a  filled  square.  The  measurement  was 
done  only  at  420°C,  but  the  obtained  velocity  was  obviously  the  same  as  that  without  covers.  When 
we  used  a  larger  cover,  however,  the  velocities  were  intermediate  values  between  the  value  under 
hydrogen  plasma  without  covers  and  that  in  the  dark.  (This  result  is  not  shown  in  Fig.  1 .)  Since  the 
scattered  plasma  light  that  reached  the  sample  surface  was  too  weak  to  give  rise  to  REDG,  we 
consider  that  the  amount  of  hydrogen  atoms  incoiporated  into  the  sample  was  less  in  the  case  of  using 
a  larger  cover.  Anyway,  these  experimental  results  strongly  suggest  that  the  plasma  light  plays  no  or 
only  little  role  in  promoting  the  dislocation  velocity  in  the  case  of  hydrogen  plasma  irradiation. 
Therefore,  the  observed  enhancement  effect  must  be  attributed  to  the  hydrogen  atoms  themselves 
incorporated  into  samples. 
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Spreading  resistance  measurements. 

We  performed  SR  measurements  to  confirm  the  introduction  of  hydrogen  atoms  into  samples. 
Figure  2(a)  shows  the  result  of  SR  measurements  done  on  a  similar  sample  in  which  dislocation 
velocities  were  measured  under  hydrogen  plasma.  The  depth  profile  of  resistivity  of  this  sample 
(represented  by  filled  circles)  shows  no  difference  from  that  with  no  treatment  (represented  by  open 
circles).  This  does  not  necessarily  suggest  that  hydrogen  atoms  were  not  incorporated  into  samples 
during  hydrogen  plasma  irradiation.  It  has  been  established  that  phosphorus  atoms  are  rather  hardly 
passivated  by  hydrogen  and  that  even  if  they  are  once  combined  with  hydrogen,  they  are  reactivated 
above  150°C.  Since  the  loading  temperatures  (SQa-SSO'C)  in  our  experiments  were  far  above 
150°C,  phosphorus  was  not  passivated  at  the  loading  temperatures.  Hydrogen  atoms  incorporated 
during  the  loading  period  can  have  been  combined  with  phosphorus  atoms  only  after  samples  were 
cooled  down  below  150°C.  However,  hydrogen  concentration  must  be  lowered  down  to  the 
solubility  at  150°C  which  may  be  below  103cm-3[7].  This  may  be  the  reason  we  could  not  detect 
obvious  changes  in  resistivity.  For  the  reason  described  above,  it  is  the  most  important  point  that  we 
should  confirm  whether  the  hydrogen  atoms  generated  in  plasma  actually  reach  the  surface  of  samples 
mounted  in  our  bending  apparatus.  For  this  purpose,  we  used  a  silicon  crystal  doped  with  boron, 
which  is  known  to  be  more  easily  passivated  by  hydrogen  than  phosphorus.  A  sample  was  exposed 
to  hydrogen  plasma  in  the  bending  apparatus  for  two  hours  at  120”C,  and  SR  measurements  were 
done.  The  results  are  shown  in  Fig.  2(b).  It  is  dearly  seen  that  resistivities  in  the  near-surface 
region,  which  was  about  lOpm  beneath  the  surface,  were  higher  than  those  of  an  as-grown  sample. 
This  means  that  the  hydrogen  atoms  generated  in  plasma  certainly  reach  the  sample  surlace.  Since 
the  penetration  depth  of  hydrogen  during  two  hours  of  the  pre-irradiation  at  540°C  is  estimated  to  be 
more  than  several  hundreds  of  micrometer  [5],  we  can  suppose  that  dislocations  moved  in  hydrogen- 
rich  environment  during  the  whole  second  loading  period. 
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Figure  2.  Depth  profiles  of  resi.stivily  measured  by  SR  technique  for  the  phosphorus-doped 
samples  used  in  dislocation  velocity  measurements  (a),  and  boron-doped  samples  (b).  One  of  the 
former  samples  was  given  the  same  hydrogenation  and  temperature  history  as  described  in 
experimental  procedure.  One  of  the  latter  samples  was  exposed  to  hydrogen  plasma  at  120°C  for 
two  hours.  In  (a)  and  (b),  filled  circles  show  the  results  for  hydrogenated  samples  in  respective 
conditions  and  open  circles  show  those  for  as-grown  samples. 


Enhancement  mechanism  of  dislocation  motion  by  hydrogen. 

It  is  widely  accepted  that  dislocation  glide  motion  in  semiconductors  is  controlled  by  the  Peierls 
mechanism.  On  the  basis  of  this  mechanism,  dislocation  motion  consists  of  two  elementary 
processes.  One  is  double  kink  formation  process,  that  is,  a  part  of  straight  dislocation  segment  lying 
in  the  trough  of  the  Peierls  potential  overcomes  the  peak  of  the  potential  by  thermal  fluctuation  and  a 
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pair  of  kinks  which  have  opposite  signs  to  each  other  is  generated.  The  other  is  kink  migration 
process,  that  is,  kinks  with  opposite  signs  migrate  opposite  directions  along  Peierls  potential  biased 
by  stress  and  the  separation  of  kink  pair  becomes  large.  As  a  result,  the  whole  segment  moves  to  the 
next  trough.  In  covalent  crystals  like  semiconductors,  Peierls  potential  is  high  and  the  width  of 
kinks  is  thought  to  be  small.  Accordingly,  kinks  experience  the  potential  of  lattice  period,  called 
Peierls  potential  of  the  2nd  kind,  and  their  migration  is  thought  to  become  diffusive.  Within  this 
picture  of  dislocation  motion,  the  velocity  of  dislocation  glide  is  formulated  as  follows[8].  If  the 
dislocation  length  is  short,  a  pair  of  kinks  formed  on  the  dislocation  line  moves  in  the  opposite 
directions  and  sweeps  the  whole  line.  In  this  case,  dislocation  velocity,  v,  is  in  proportion  to  the 
number  of  double  kink  formation  site,  therefore,  to  dislocation  length  L,  and  is  given  by 

jexp 


(1) 
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where  v'k  represents  vibrational  frequency  of  kinks,  x  resolved  shear  stress,  b  the  magnitude  of  the 
Burgers  vector,  h  the  distance  between  the  adjacent  Peierls  troughs,  d  the  lattice  period  along  a 
dislocation  line,  k  Boltzmann  constant,  T  temperature,  Fk  the  formation  energy  of  single  kink,  and 
£ni  Ihe  activation  energy  of  kink  migration.  When  dislocation  length  is  long  and  plural  kink  pairs 
generate  on  it,  kinks  annihilate  by  colliding  with  each  other.  In  this  case,  dislocation  velocity  is  no 
longer  dependent  on  the  dislocation  length  and  is  given  by 


V  = 


Iv'^hii^d 

kT 


Ekllm.] 
kJ  ) 


(2) 


Pret'iously,  dislocation  velocity  in  bulk  crystals  was  thought  to  be  represent  by  Eq.  (2).  Recent 
study  however  suggests  that  long  dislocations  in  bulk  crystals  are  effectively  partitioned  by  a 
characteristic  length  in  which  kink  collision  does  not  occur  and  that  dislocation  velocity  in  bulk 
crystals  is  represented  by  Eq.  (1),  in  which  L  is  substituted  to  partition  length  Lp  [9].  Hereafter,  we 
discuss  the  change  of  activation  energy  based  on  this  new  model,  where  the  activation  energy 
measured  in  the  dark  is  2Fk+£m-  First  we  suppose  that  the  reduction  of  activation  energy  is  due  to 
the  passivation  of  kinks  by  hydrogen,  which  may  have  dangling  bond  and  gap  state.  No 
enhancement  observed  in  the  high  temperature  regime  may  be  explained  by  the  dissociation  of  kink- 
hydrogen  pairs.  In  this  case,  the  observed  reduction  of  activation  energy,  l.leV,  in  the  low 
tempeiature  regime  corresponds  to  a  change  in  2£k  and  the  reduced  amount  of  £k  is  0.55eV.  This 
value  should  be  the  binding  energy  between  a  kink  and  hydrogen.  This  seems,  however,  so  small 
that  we  can  not  explain  that  the  enhancement  does  occur  at  temperatures  up  to  480°C,  because  the 
hydrogen-kink  pair  is  thought  to  dissociate  at  such  high  temperatures.  For  example,  in  the  case  of 
boron  passivation,  the  binding  energy  of  B-H  pair  is  known  to  be  1.28eV,  and  they  dissociate  around 
150°C  [3].  Therefore,  we  speculate  that  hydrogen-induced  enhancement  is  due  to  rather  dynamic 
effects.  The  mechanism  may  be  as  follows.  A  hydrogen  atom  which  comes  to  a  site  on  a 
dislocation  attacks  the  covalent  bond  and  weakens  the  atomic  binding,  so  that  the  atomic  Jump 
accompanied  by  bond  switching  may  become  easier.  In  this  model,  the  promoted  elementary 
process  of  dislocation  motion  is  different,  depending  on  whether  the  dislocation  site  a  hydrogen  atom 
attacks  is  a  straight  dislocation  site  or  a  kink  site.  In  the  former  case,  the  enhanced  process  is  double 
kink  nucleation  process  of  the  smallest  size,  and  in  the  latter  case,  it  is  kink  migration  process.  Such 
consideration  is  very  similar  to  that  of  the  REDG  effects  if  we  replace  the  site  of  hydrogen  attack  in 
the  present  case  with  the  site  of  non-radiative  recombination  in  the  REDG  case.  Therefore,  we  can 
refer  to  the  theoretical  analysis  of  REDG  effects  reported  by  N.  Maeda  et  al.  [10].  The  result  of  their 
analysis  is  shown  in  Table  1,  where  SD  denotes  straight  dislocation  sites,  K  kink  sites,  A£s  the 


reduction  of  smallest  double  kink  nucleation  energy,  A£k  the  reduction  of  kink  migration  energy. 
On  the  basis  of  their  analysis,  the  promotion  of  smallest  double  kink  nucleation  process  is  necessary 
for  the  enhancement  of  dislocation  motion  in  the  case  that  kink  collision  does  not  occur.  In  this  case. 
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the  observed  reduclion  of  activation  energy,  l.leV,  is  AEs-  This  means  that  the  smallest  double 
kink  nucleation  preferentially  occurs  at  hydrogenated  sites  of  dislocation  lines.  Because  the  number 
of  those  sites  increases  in  proportion  to  the  probability  that  hydrogen  atoms  encounter  the  dislocation, 
the  pre-exponential  factor  of  enhanced  dislocation  velocities  is  proportional  to  the  hydrogen 
concentration.  If  the  hydrogen  concentration  becomes  so  high  that  plural  double  kinks  are  formed  in 
a  partition  length,  the  reduction  of  activation  energy  changes  to  the  value  of  case  I  or  II  in  Table  1  and 
the  expression  of  dislocation  velocity  is  also  changes  from  Eq.  (1)  to  Eq.  (2).  Accordingly,  if  we 
measure  the  activation  energy  of  dislocation  velocity  for  various  hydrogen  concentrations,  it  will 
change  from  the  value,  2Fk-i-£m-AEs,  to  F\^+Ein-{AEs+AE\di'^  or  Fyi+E^-AEsH,  by  Fk-fAFs- 
A£k)/2  or  Fk-A£s/2,  respectively,  as  the  hydrogen  concentration  increases.  To  examine  the 
hydrogen  concentration  dependence  of  the  activation  energy  is  the  future  subject. 


Table  1.  The  result  of  theoretical  analysis  of  the  REDG  effects  by  N.  Maeda  et  al.  [10].  SD 
denotes  straight  dislocation  sites,  K  kink  sites,  AEg  the  reduction  of  smallest  double  kink  nucleation 


energ}',  AEk  the  reduction  of  kink  migration  energy.  This  analysis  can  apply  to  the  present  case 
Diovided  that  'recombination  site'  is  replaced  by  'hydrogenated  site'. 
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Abstract. 

Defect  impurity  levels  have  been  examined  in  copper-diffused  n-type  Cz-Si.  Specimens  free 
of  extended  defects  as  well  as  containing  dislocation  loops  or  stacking  faults  were 
contaminated  at  llOO^C  and  cooled  slowly  to  room  temperature.  The  level  at  about 
Ec  -  0.14eV  has  been  observed  in  all  types  of  specimens.  The  thermal  activation  energy  as 
well  as  concentration  of  the  deep  trap  have  been  influenced  by  the  presence  of  extended 
defects.  This  centre  exhibiting  acceptor-like  character  can  be  completely  passivated  at  400'’C 
with  atomic  hydrogen  in  Si  free  of  extended  defects.  In  the  presence  of  dislocation  loops  as 
well  as  stacking  faults  passivation  of  the  state  is  slightly  limited.  All  other  deep  states  have 
been  passivated  completely  after  hydrogen  plasma  treatment. 

Introduction. 

Copper  is  one  of  the  common  metallic  impurities  incorporated  in  Si  during  device  fabrication. 
Cu  Effuses  into  Si  as  positively  charged  interstitials  [1].  Its  solubility  in  Si  is  very  high,  of 
about  9xl0'^cm'^  at  1 100°C  [1].  This  impurity  is  extremely  rapid  diffuser  and  is  difficult  to  be 
retained  in  electrically  active  form  even  by  quenching  of  diffused  samples  [1].  However,  deep 
centres  involving  Cu  are  observed  by  Deep  Level  Transient  Spectroscopy  (DLTS)  in  heat 
treated  silicon. 

Most  previous  work  concentrated  on  Si  free  from  extended  defects.  Generally  it  is  accepted 
that  hole  traps  at  Ey  +  (0.20-0.23)eV,  Ey  +  (0.35-0.46)eV  [2-5]  are  associated  with  Cu. 
Pearton  and  Tavendale  [4]  also  observed  an  additional  level  at  Ey  +  0.53eV.  These  centres  are 
passivated  with  atomic  hydrogen  and  are  restored  at  400'’C  [4].  With  respect  to  the  states  in 
the  upper  part  of  the  energy  gap  the  situation  is  much  less  clear.  Lemke  [5]  observed  in  n-type 
float  zone  silicon  one  copper  related  state  at  high  concentration  (8x1 0'^  cm’^)  at  -  0.16eV 
(after  diffusion  with  metal  at  lOSO^C  and  slow  cooling  within  20  min)  and  identified  it  as 
another  charge  state  of  the  two  levels  observed  in  the  lower  half  of  the  gap.  Brotherton  et  al. 
[3]  found  this  deep  level  in  copper  diffused  float  zone  Si  after  additional  annealing  at  200°C 
for  30  min. 

Recently  few  reports  were  published  on  the  behaviour  of  Cu  in  the  presence  of  well- 
characterized  extended  defects  in  Si.  Kaniewska  et  al  [6]  found  copper  related  states  in  n-type 
vapour  phase  epitaxial  silicon  containing  oxidation  induced  stacking  faults  (OSFs).  As 
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revealed  by  DLTS  the  concentration  of  the  deep  trap  was  higher  than  1x1 cm'^  and  the 
thermal  activation  energy  of  the  trap  changed  from  -  0.25eV  in  samples  diffused  at  700  C 
to  Ec  -  0.56eV  in  samples  diffused  at  950“c.  The  behaviour  observed  in  the  presence  of  bulk 
stacking  faults  after  contamination  at  1100"c  was  significantly  different.  In  this  case  three 
deep  states  with.thermal  activation  energy  E^  -  0. 1 7eV,  E^  -  0.3eV  and  E^  -  0.44eV  have  been 
found  [7],  The, concentration  of  the  lowest  energy  state  was  »  3xl0'^cm'^  as  revealed  by 
DLTS  measurements. 

Contamination  of  Si  wafers  with  Cu  is  always  associated  with  metal  precipitates.  The  phase  of 
Cu  precipitates  has  been  suggested  to  be  a  low  temperature  polymorph  of  Cu3Si  [8].  Therefore 
the  precipitation  of  Cu  is  accompanied  by  a  very  large  volume  expansion  of  about  150%.  The 
repeated  precipitation  of  Cu  results  in:  nucleation  of  Cu  at  pre-existing  dislocation,  growth  of 
precipitate  resulting  in  the  emission  of  interstitials  [9]  and  unpinning  of  the  dislocation 
followed  by  the  nucleation  of  a  new  precipitate.  The  characteristics  of  Cu  precipitation  in  Si 
containing  dominantly  either  bulk  stacking  faults  or  punched-out  dislocations  have  been 
determined  by  transmission  electron  microscopy  (TEM)  and  the  electron-beam-induced 
current  (EBIC)  technique.  Shen  et  al.  [10,11]  observed  in  Cz-Si  that  Cu  precipitation  depends 
on  contamination  level,  cooling  rate  as  well  as  on  type  of  extended  defeet.  Colonies  of  Cu 
precipitates  developed  irrespective  of  cooling  rate,  apparently  originating  from  punched-out 
dislocations  developed  around  oxygen  precipitates.  In  heavily  contaminated  samples  cooled 
fast  from  the  contamination  temperature,  Cu  also  precipitated  on  Frank  partial  dislocations 
bounding  stacking  faults,  During  slow  cooling,  precipitation  of  Cu  took  place  on  Frank 
partials  only  in  lightly  contaminated  but  never  in  heavily  contaminated  specimens.  It  was 
concluded  that  punched-out  dislocations  are  more  favourable  precipitation  sites  for  Cu  than 
Frank  partials  of  stacking  faults. 

Here  we  present  results  of  DLTS  studies  performed  on  the  set  of  Si  samples  containing 
dislocation  loops  or  stacking  faults  contaminated  with  Cu.  Influence  of  hydrogenation  on 
electrieal  activity  of  copper  related  states  is  discussed. 

Experimental  details. 

Specimens  were  prepared  from  n-type,  P-doped,  28  Qcm  Cz-Si  grown  in  <1 1 1>  direction, 
with  an  initial  oxygen  concentration  of  IxlO'^cm'^  and  a  carbon  concentration  less  than 
2xl0'^cm'^.  The  specimens  were  contaminated  with  Cu  from  high  purity  foils  during 
annealing  for  Ih  at  1  lOO^C,  performed  in  evacuated  quartz  capsules,  followed  by  slow  cooling 
to  room  temperature.  Copper  was  diffused  into  three  groups  of  samples: 

•  as  grown,  free  of  extended  defects 

•  containing  dislocation  loops  (DLs)  at  a  density  of  6x  1 0®cm'^ 

•  containing  stacking  faults  (SFs)  at  a  density  of  2xl0^cm'^. 

High  density  of  DLs  and  SFs  was  induced  by  oxygen  precipitation  by  means  of  following 
multistep  annealing:  for  DL  -  600^C/20h+725*'C/15h+1000*'c/15h,  and  for  SF 

725*’C/15h+1000”C/15h,  respeetively.  The  reference  specimens  (AGRef),  i.e.  not  intentionally 
contaminated,  were  also  aimealed  at  llOO^C  for  Ih.  The  specimens  were  stored  at  room 
temperature  for  long  time.  The  structure  of  extended  defects  generated  during  processing  was 
studied  by  transmission  electron  microscopy  and  the  results  are  presented  elsewhere 
[7,10,11].  0  .  . 

Hydrogen  plasma  treatment  of  all  types  of  the  samples  was  done  at  400  C  for  30min  in  a 
clean  metal-free  plasma  chamber  made  of  high-purity  quartz.  The  plasma  was  excited  by 
microwave  with  a  frequency  of  2.45  GHz.  The  plasma  pressure  was  about  10  torr. 
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Schottky  contacts  were  formed  by  evaporation  of  An.  The  DLTS  studies  were  performed 
using  eomputer  controlled  Semitrap  DLS-82E  system. 

Experimental  results. 

As  it  was  eonfirmed  by  DLTS  spectra,  presented  in  Fig.  1,  as  grown  samples  were  free  of 
deep  states.  However,  the  samples  free  of  extended  defects  contaminated  with  eopper 
exhibited  three  peaks;  tbe  main  one  at  about  lOOK  and  two  additional  much  smaller  at  about 
175K  and  about  3  OOK.  The  low  temperature  peak,  of  similar  height  was  also  found  in 


Temperature 


Fig.  1.  DLTS  spectra  for  the 
majority  carrier  traps  in  n-type  Si: 
AGRef  -  as  grown,  AGCu  -  as 
grown  contaminated  with  Cu, 
DLCu  -  containing  dislocation 
loops  and  contaminated  with  Cu, 
SFCu  -  containing  stacking  faults 
and  contaminated  with  Cu. 
Emission  rate  =100s''. 


copper  diffused  samples  containing  SFs.  In  the  case  of  eopper  diffused  samples  containing 
DLs,  the  low  temperature  peak  is  significantly  reduced  and  additional  peak  at  150K  appears. 
Due  to  the  very  high  population  changes  of  the  low  temperature  level,  DLTS  technique  did 
not  allow  for  proper  determination  of  deep  trap  concentration.  Therefore  capacitance- 
temperature  eharacteristics  were  measured  -  Fig.  2.  Huge  capacitance  changes  are  observed  in 
the  copper  diffused  samples.  The  effect  was  very  pronounced  sinee  at  liquid  nitrogen 
temperature  capacitance  of  the  as  grown  material  eontaminated  with  Cu  as  well  as  that 
containing  stacking  faults  and  contaminated  with  Cu  is  very  small.  In  the  case  of 
contaminated  samples  Containing  dislocation  loops  capacitance  ehanges  are  significantly 
smaller. 


Fig.  2.  Thermally  stimulated 
capacitance  of  n-type  Si  samples: 
AGRef  -  as  grown,  AGCu  -  as 
grown  contaminated  with  Cu, 
DLCu  -  containing  dislocation 
loops  and  contaminated  with  Cu, 
SFCu  -  containing  stacking  faults 
and  contaminated  with  Cu. 
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It  is  well  known  that  deep  levels  introduced  into  silicon  by  metal  contamination  can  be 
passivated  by  reaction  with  atomic  hydrogen.  The  effect  often  is  interpreted  as  a  hydrogen 
passivation  of  dangling  bonds.  Therefore  in  order  to  provide  a  greater  insight  into  a 
microstructure  of  the  traps  similar  studies  on  samples  additionally  hydrogenated  have  been 
performed.  DLTS  spectra  presented  in  Fig.  3  show  that  deep  states  completely  disappear  in 
contaminated  samples  free  of  extended  defects.  Simultaneously,  in  samples  containing  DLs 
or  SFs  the  low  temperature  DLTS  peak  is  significantly  reduced.  The  changes  in  the  deep  trap 
concentration  are  better  seen  in  Fig.  4.  Only  small  thermally  stimulated  capacitance  changes 


Fig.  3.  DLTS  spectra  for  the 
majority  carrier  traps  in  n-type  Si: 
AGRef(H)  -  hydrogenated  as 
grown,  AGCu(H)  -  as  grown 
contaminated  with  Cu  and 
hydrogenated,  DLCu(H) 

containing  dislocation  loops 
contaminated  with  Cu  and 
hydrogenated,  SFCu(H) 

containing  stacking  faults 
contaminated  with  Cu  and 
hydrogenated. 

Emission  rate  e„  =100s’'. 


were  observed  in  samples  containing  dislocation  loops  or  stacking  faults  contaminated  with 
Cu  -  Fig.  4.  The  value  of  the  capacitance  changes  is  similar,  independently  on  the  type  of 
extended  defect. 


Fig.  4.  Thermally  stimulated 
capacitance  of  n-type  Si  samples: 
AGRef(H)  -  hydrogenated  as 
grown,  AGCu(H)  -  as  grown 
contaminated  with  Cu  and 
hydrogenated,  DLCu(H) 

containing  dislocation  loops 
contaminated  with  Cu  and 
hydrogenated,  SFCu(H) 

containing  stacking  faults 
contaminated  with  Cu  and 
hydrogenated. 


Discussion. 

The  DLTS  spectra  in  Fig.  1  and  Fig.  3  show  similar  low  temperature  peak.  It  should,  however, 
be  noted  that  the  DLTS  peak  appears  at  slightly  different  temperatures.  The  effect  is  also  seen 
in  the  Arrhenius  plot  as  determined  fi-om  DLTS  studies  -  Fig.  5.  The  thermal  activation  energy 
of  the  deep  state  in  samples  free  of  extended  defects  was  found  to  be  0.1 4eV  with  respect  to 
the  conduction  band.  Arrhenius  plots  for  the  states  in  the  presence  of  DLs  and  SFs  are  slightly 
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different  and  are  shown  in  Fig.  5.  For  comparison  results  of  Brotherton  et  al.  [3]  are  also 
included.  Capacitance  changes  (Fig.  2)  suggest  two  possible  origins  of  the  low  temperature 
peak;  either  Cu  and  P  can  easily  form  deep  complex  in  Si  and  nearly  all  phosphorus  atoms  are 
complexed  or  this  centre  existing  at  high  concentration  exhibits  acceptor  like  character 
trapping  most  of  electrons.  Pairing  between  copper  (substitutional  triple  eharged  acceptor)  and 
donor  impurities  have  been  considered  by  Hall  and  Raeette  [12].  However,  it  is  supposed  that 
the  mechanism  would  be  effective  in  highly  P  doped  silicon  [13]. 


1/r  [K-1] 


Fig.  5.  Arrhenius  plot  of  deep 
states  involving  copper  in  n-type 
Si. 


Additional  measurements  of  capture  kinetics  of  electrons  at  this  centre  proved  its  repulsive 
character.  Similar  result  was  obtained  by  Brotherton  et  al.  [3]  for  the  level  at  -  0.16eV  (see 
Fig.  5).  The  electron  capture  cross  section  of  3xl0''’cm^  for  the  level  would  be  remarkably 
low  for  such  a  shallow  level  if  it  were  a  neutral  acceptor.  Previous  measurements  of  the 
electron  capture  cross  section  for  neutral  acceptor  with  different  energy  level  would  lead  to 
expected  value  of  ~10‘'''cm^.  In  view  of  this  large  difference  it  was  concluded  that  the  centre 
is  negatively  charged  before  electron  capture.  The  experimental  results  show  that  low 
temperature  peak  is  passivated  after  hydrogenation.  It  is  predicted  that  hydrogen  is  most 
strongly  attracted  to  defects  or  impurities  with  vacancy-like  properties.  Therefore  it  is 
expected  that  acceptors  would  be  most  susceptible  to  hydrogen  passivation.  All  this  support 
acceptor-like  (probable  multiple  acceptor)  character  of  the  centre. 

Repulsive  behaviour  of  the  centre  for  electron  capture  could  suggest  its  correlation  with 
extended  defect  like  dislocation  loop  or  stacking  fault.  However  we  did  not  found  any 
correlation  of  this  defect  concentration  with  the  extended  defects  (DLs  or  SFs),  intentionally 
induced  with  high  densities  in  the  specimens  studied.  The  SFs  does  not  influence 
concentration  of  the  -  0.14eV  level  while  in  the  presence  of  DLs  its  concentration  was  even 
lower  than  found  in  Cu  contaminated  as-grown  specimens. 

Similarities  of  DLTS  characteristics  of  the  low  temperature  trap  and  the  trap  labelled  A  or  1  at 
Eq  -  0.19eV  previously  observed  in  Cu  contaminated  n-type  Si  containing  oxidation  induced 
stacking  faults  (OSFs)  [6]  suggest  its  common  origin.  Also  in  that  case  we  were  not  able  to 
find  any  correlation  between  distribution  of  the  trap  concentration  and  a  penetration  depth  of 
OSFs  induced  at  the  surface. 

Results  from  TEM  and  temperature  dependent  EBIC  studies  [10,11]  showed  that  in  heavily 
contaminated  samples  cooled  slowly,  similar  to  those  studied  here,  dislocation  loops  were 
more  favourable  precipitation  sites  for  Cu  than  Frank  partials  of  stacking  faults.  Indeed  in 
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DLTS  spectra  presented  in  Fig.  1  similar  behaviour  can  also  be  found.  In  the  case  of  sample 
contaminated  with  Cu  and  containing  dislocation  loops  one  can  notice  additional  DLTS  peak 
at  about  150K,  characteristic  for  cooper  decorated  extended  defect  [6].  Simultaneously  the 
height  of  low  temperature  peak  (at  about  lOOK)  is  reduced,  proving  that  significant  part  of 
diffused  cooper  atoms  has  been  consumed  by  dislocation  loops.  The  mentioned  effect  of 
copper  decoration  of  Frank  partials  have  not  been  found.  Nevertheless,  it  should  be  stressed 
that  the  effect  of  decoration  of  dislocation  loops  cannot  be  always  observed.  Previously  [7]  in 
the  similarly  prepared  specimens  we  did  not  notice  any  changes  of  electrical  activity  in  the 
presence  of  dislocation  loops.  These  discrepancies  may  be  understood  assuming  changes  in 
precipitation  colonies  being  result  of  different  cooling  rate. 

Conclusions. 

We  have  demonstrated  that  in  heavily  contaminated  and  slowly  cooled  n-type  Si  specimens 
Cu  forms  deep  centre  with  thermal  activation  energy  about  Ec  -  0.14eV  at  high  concentration. 
This  centre  exhibiting  acceptor-like  character  captures  electrons  very  effectively.  In  the 
presence  of  dislocation  loops  the  concentration  of  the  deep  state  is  reduced  due  to 
simultaneous  decoration  of  the  dislocation  loops.  In  n-type  Si  free  of  extended  defects  this 
deep  level  can  be  completely  passivated  at  400*'C  with  atomic  hydrogen.  In  the  presence  of 
dislocation  loops  or  stacking  faults  passivation  of  the  deep  state  is  limited.  All  other  deep 
states  have  been  passivated  completely  after  hydrogen  plasma  treatment. 
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Abstract. 

Deep  Level  Transient  Spectroscopy  (DLTS)  was  used  to  characterise  deep  defect  states  in  n-type 
Cz-Si  contaminated  with  Ni  or  Fe  in  the  presence  of  dislocation  loops  or  stacking  faults. 
Emission  characteristics  of  the  states  have  been  found  to  be  dependent  on  the  kind  of  metal  as 
well  as  the  type  of  extended  defect.  They  became  similar  to  each  other  after  hydrogenation, 
which  partially  passivated  the  states.  Two  deep  levels  showing  the  emission  characteristics 
similar  to  those  of  A  and  Cj  deep  traps  (Omling’s  notation)  present  in  plastically  deformed  Si 
have  been  observed. 

Fe  related  deep  level  at  about  -  0.5eV,  often  reported  in  literature,  is  found  to  be  thermally 
unstable  and  its  characteristics  depend  on  annealing  at  temperatures  higher  than  100°C. 

Introduction. 

Presently,  Czochralski  grown  Si  (Cz-Si)  is  a  basic  material,  commonly  used  in  semiconductor 
technology.  Various  kinds  of  microdefects  are  introduced  into  Si  wafers  during  high  temperature 
processing  for  device  fabrication  due  to  oxygen  precipitation.  The  main  defects  are  extended 
defects,  such  as  bulk  stacking  faults  bounded  by  Frank  partial  dislocations  and  punched-out 
dislocations.  Meanwhile,  Si  wafers  are  easily  contaminated  by  metallic  impurities  at  high 
temperatures,  especially  those  exhibiting  high  difflisivity  and  solubility.  Therefore,  the  behaviour 
of  Ni  and  Fe  as  common  3d-metallic  contaminants  in  such  environment  is  essential. 

Present  knowledge  on  Ni  and  Fe  related  deep  states  is  mainly  based  on  the  results  obtained  on  Si 
free  from  extended  defects.  Ni,  similarly  as  Cu,  diffuses  into  Si  as  positively  charged  interstitials 
[1].  Its  solubility  is  very  high,  of  about  4xl0'’cm'^  at  1100°C.  Its  diffusivity  does  not  vanish  at 
room  temperature  although  the  value  of  diffusivity  decreases  drastically.  It  is,  however 
sufficiently  high  to  enable  both  out-difflision  of  atoms  to  the  wafer  surfaces  and  precipitation  by 
homogeneous  nucleation  mechanism.  Large  discrepancies  are  noted  regarding  electrical 
properties  of  Ni  in  Si.  There  are  few  studies  of  nickel  in  silicon  using  space-charge  transient 
techniques.  Graff  and  Pieper  [2]  reported  only  one  donor  level  at  Ey  +  0.1 5eV  with  a  capture 
cross-section  of  2.7xl0''^cm^.  This  is  in  disagreement  with  the  work  of  Pearton  and  Tavendale 
[3],  who  observed  three  levels  at  Ey  +  O.lSeV,  Ey  -t-  0.21eV  and  Ey  +  0.33eV  with  capture  cross 
sections  of  6x10"  cm  ,  =10'  cm  and  10’  cm  ,  respectively,  in  Ni-doped  p-type  silicon. 
Indusekhar  and  Kumar  [4]  found  Ni  related  levels  definitely  at  Ey  -t  0.32eV  and  probably  at 
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Ey  +  0.28eV  and  Ey  +  O.SOeV.  Additionally,  a  complicated  annealing  behaviour  of  main  Ni- 
related  level  was  reported  and  was  explained  on  the  basis  of  the  formation  and  dissociation  of  a 
Ni-vacancy  complex.  Lemke  [5]  observed  by  DLTS  a  donor  level  at  Ey  +  0.1 7eV  and  an 
acceptor  level  at  E^  -  0.3  8eV  and  interpreted  them  as  related  to  Ni^  and  Ni  ,  respectively.  After 
contact  fabrication  or  annealing  at  temperatures  lower  than  400‘’c  decreases  in  the  concentrations 
of  both  Nf  and  Ni'  in  the  surface  regions  of  crystals  were  observed.  Reactions  were  associated 
with  the  production  of  about  ten  impurity  centres  including  that  at  E^  -  0.22eV  when  Pd-contacts 
were  used.  Nakashima  et  al  [6]  concluded  that  Ey  +  0.1 6eV  and  -  0.45eV  levels  are  associated 
with  different  charge  state  of  Ni  at  substitutional  sites.  Mostly  Ni  has  been  introduced  by 
diffusion.  On  the  other  hand,  Rohatgi  et  al.  [7] '  investigated  the  deep  levels  due  to  various 
impurities  incorporated  during  the  Czochralski  growth  of  silicon  and  did  not  detect  any  level  due 
to  Ni.  Fe,  in  contrast  to  Ni  diffuses  as  neutral  interstitials.  Its  solubility  is  about  2x10  cm  at 
1 100°C.  The  diffusivitiy  of  this  lighter  3d  transition  metal  is  too  small  to  enable  out-diffusion  or 
precipitation  by  homogeneous  nucleation  mechanism.  This  metal  can  be  quenched  in  on 
interstitial  sites.  The  corresponding  donor  level  is  located  at  Ey  -I-  0.4eV  as  determined  by  DLTS 
[8  and  Ref.  therein].  In  p-type  Si  pairing  of  interstitial  Fe  atoms  with  shallow  aeceptors  is 
observed.  The  second  level  at  Ec  -  (0.5-0.6)eV  in  Si:Fe,  with  large  spread  of  value  of  activation 
energy,  have  been  often  reported  [8  and  Ref.  therein]. 

Recently  it  has  been  found  by  Shen  et  al.  [9]  that  segregation  behaviour  of  Ni  and  Fe  on 
extended  defects  depends  not  only  on  the  species  of  impurities,  but  also  significantly  on  the 
cooling  rate  of  the  specimen  after  contamination.  In  slowly  cooled  specimens  Ni  decorates  Frank 
partials  weakly.  A  high  density  of  Ni  precipitates  was  found  on  Frank  partials  when  specimens 
were  cooled  fast.  Fe  decorated  Frank  partials  both  in  slow  and  fast  cooled  specimens.  However, 
the  amount  of  Fe  on  Frank  partials  was  larger  in  slow  cooled  specimen  than  in  a  fast  cooled  one. 
DLTS  studies  performed  on  n-type  Cz-Si  specimens  containing  stacking  faults,  slowly  cooled 
after  contamination  with  Ni,  revealed  two  deep  levels  at  concentrations  >  IxlO'^cm'^  at 
Ec  -  0.2  leV  and  Ec  -  0.44eV  [10].  In  the  case  of  Fe  contaminated  samples  the  spectra  were 
dominated  by  a  deep  trap  at  Ec  -  0.54eV  and  deep  centres  at  Ec  -  0.49eV  and  Ec  -  0.1 9eV  were 
present  only  in  low  concentration.  It  has  been  concluded  that  in  the  presence  of  stacking  faults 
the  levels  revealed  in  DLTS  spectra  are  displaced  towards  lower  temperatures,  and  their  thermal 
activation  energies  are  lowered  after  higher  level  contamination  with  Ni. 

Experimental  details 

Specimens  were  prepared  from  n-type,  P-doped,  28  Qcm  Cz-Si  grown  in  the  <1 1 1>  direction, 
with  an  initial  oxygen  concentration  of  IxlO'*  cm'^  and  a  carbon  concentration  less  than 
2x1  o'®  cm'^.  The  specimens  were  contaminated  from  high  purity  wires  during  aimealing, 
performed  in  evacuated  quartz  capsules.  Contamination  with  Ni  was  performed  during  Ih  at 
1  lOO^C  whereas,  with  Fe  during  4h  at  the  same  temperature  1  lOO^C,  followed  by  slow  cooling  to 
room  temperature.  Metals  were  diffused  into  three  groups  of  samples: 

•  as  grown,  free  of  extended  defects 

•  containing  dislocation  loops  (DLs)  at  a  density  of  6xl0®cm'^ 

•  containing  stacking  faults  (SFs)  at  a  density  of  2xl0®cm’^. 

High  density  of  DLs  and  SFs  was  induced  by  oxygen  precipitation  by  means  of  following 
multistep  annealing:  for  DL  -  600”C/20h+725®C/15h+1000''c/15h,  and  for  SF- 

725'’C/15h+1000®C/15h,  respectively.  Hydrogen  plasma  treatment  for  all  types  of  samples  was 
done  at  400'’C,  for  30min  in  a  clean  metal-ffee  plasma  chamber  made  of  high-purity  quartz.  The 
plasma  was  excited  by  microwaves  with  a  fi-equency  of  2.45  GHz.  The  plasma  pressure  was 
about  10  torr. 
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Finally,  Schottky  barriers  were  fabricated  by  evaporating  Au.  DLTS  studies  were  performed 
using  computer  controlled  Semitrap  DLS-82E  system. 

Experimental  results. 

Majority  carrier  DLTS  spectra  in  samples  contaminated  with  Ni  are  presented  in  Fig.  1.  No  well 
resolved  peak  have  been  found  in  as  grown  specimens  diffused  with  Ni.  Instead,  almost 
featureless  band  in  the  (150-350)K  temperature  range  have  been  detected  which  suggests  the 
existence  of  a  few  deep  levels  at  low  concentrations,  below  2xl0*^cm'^.  In  the  case  of  Ni- 
contaminated  specimens  with  dislocation  loops  three  well  defined  peaks  of  similar  height  have 
been  observed  at  about  lOOK,  200K  and  31  OK.  In  samples  containing  stacking  faults,  Ni  related 
levels  have  been  detected  at  high  concentrations. 


Fig.  1.  DLTS  spectra  for  the  majority 
carrier  traps  in  Ni  diffused  n-type  Si; 
AGNi-as  grown  contaminated  with  Ni, 
DLNi-containing  dislocation  loops  and 
contaminated  with  Ni,  SFNi-containing 
stacking  faults  and  contaminated  with  Ni. 
Emission  rate  e„  =  100  s'*. 


Electrical  properties  of  Si:Fe  seems  to  be  different  from  those  of  the  Si:Ni.  The  DLTS  spectra 
obtained  for  as  grown  Fe  contaminated  specimens  show  one  dominant  peak,  above  300K-Fig.  2. 
The  high  temperature  peak,  together  with  two  other  peaks  of  similar  heights  at  about  lOOK  and 
1 80K  have  been  also  observed  in  Fe  contaminated  specimens  containing  dislocation  loops. 


Fig.  2.  DLTS  spectra  for  the  majority 
carrier  traps  in  Fe  diffused  n-type  Si: 
AGFe-as  grown  contaminated  with  Fe, 
DLFe-eontaining  dislocation  loops  and 
contaminated  with  Fe,  SFFe-containing 
staeking  faults  and  contaminated  with  Fe. 
Emission  rate  en  =  100  s'*. 


These  states  were  absent  in  Fe  contaminated  specimens  containing  dominantly  stacking  faults.  In 
such  specimens  a  broad  band  in  DLTS  signal  has  been  detected.  Hydrogenation  has  been  found 
to  be  effective  in  passivation  of  the  deep  states  detected  in  as  grown  specimens  and  in  specimens 
containing  stacking  faults,  both  contaminated  with  Ni  -  Fig.  3. 


328 


Defects  in  Semiconductors  -  ICDS-19 


Fig.  3.  DLTS  spectra  for  the  majority 
carrier  traps  in  Ni  diffused  and 
hydrogenated  n-type  Si:  AGNi(H)-as 
grown  contaminated  with  Ni  and 
hydrogenated,  DLNi(H)-containing 
dislocation  loops  contaminated  with  Ni 
and  hydrogenated,  SFNi(H)-containing 
stacking  faults  contaminated  with  Ni  and 
hydrogenated.  Emission  rate  Cp  =  100  s''. 


The  concentrations  of  all  deep  centres  in  those  groups  of  specimens  were  reduced  by  about  one 
order  of  magnitude,  to  the  values  of  about  5xl0"cm'^.  In  contrast  to  that  no  changes  due  to 


Fig.  4.  DLTS  spectra  for  the  majority 
carrier  traps  in  Fe  diffused  and 
hydrogenated  n-type  Si:  AGFe(FI)-as 
grown  contaminated  with  Fe  and 
hydrogenated,  DLFe(H)-containing 
dislocation  loops  contaminated  with  Fe 
and  hydrogenated,  SFFe(H)-containing 
stacking  faults  contaminated  with  Fe  and 
hydrogenated.  Emission  rate  e^  =  100  s"' . 

too  150  200  250  300  350 

Temperature  [1^ 


hydrogenation  were  observed  for  states  at  about  lOOK  and  about  200K  in  Si:Ni  containing 
dislocation  loops.  Similar  effect  has  been  observed  in  specimens  contaminated  with  Fe  -  Fig.  4. 
Only  minor  changes  in  DLTS  spectra  of  the  both  deep  centres  have  been  found. 

Discussion. 

Comparison  of  the  DLTS  spectra  in  Figs.  1  and  3  gives  some  insight  to  the  nature  of  the  DLTS 
peaks,  associated  with  extended  defects  in  specimens  contaminated  with  Ni.  In  specimens 
containing  stacking  faults  two  peaks  were  found  at  about  120K  and  230K  before  hydrogenation. 
The  energy  levels  associated  with  these  peaks  were  determined  to  be  Ec  -  0.17eV  and 
Ec  -  0.42eV,  respectively.  The  levels  are  rather  close  to  the  levels,  Ec  -  0.2  leV  and  Ec  -  0.44eV, 
which  were  observed  in  a  previous  work  on  Si  containing  stacking  faults  and  contaminated  with 
Ni  [10].  Hydrogenation  reduces  the  concentrations  of  these  deep  levels  and,  at  the  same  time, 
changes  their  thermal  activation  energies  as  seen  in  Fig.  3.  The  effect  of  hydrogenation  is  better 
seen  in  the  Arrhenius  plot  in  Fig.  5.  The  peak  observed  around  lOOK  is  labelled  I  while  that 
around  200K  is  labelled  II.  Hydrogenation  of  specimens  containing  stacking  faults  and 
contaminated  with  Ni  results  in  the  shift  of  both  peaks  to  low  temperatures,  i.  e.  to  the  right  hand 
side  in  Fig.  5.  The  plot  of  DLTS  peaks  at  about  lOOK  and  200K  observed  in  specimens 
containing  dislocation  loops  and  contaminated  with  Ni  are  not  shifted  by  hydrogenation  as  seen 
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in  Fig.  5.  It  is  interesting  to  note  that  the  plot  for  the  specimens  containing  stacking  faults  after 
hydrogenation  almost  coincides  with  those  for  the  specimens  containing  dislocation  loops. 
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Fig.  5.  Arrhenius  plot  of  deep  states 
involving  Ni  in  the  presence  of  extended 
defects  in  n-type  Si. 


1000/T  [VKi 

Fig.  6.  Arrhenius  plot  of  deep  states 
involving  Fe  in  the  presence  of  extended 
defects  in  n-type  Si. 


The  effects  of  hydrogenation  on  the  deep  levels  in  specimens  doped  with  Fe  are  seen  in  Figs.  2, 4 
and  6.  A  peak  is  observed  at  rather  high  temperature  around  300K  in  as  grown  specimens  and 
also  in  those  containing  dislocation  loops.  The  level  giving  rise  to  this  high  temperature  peak  in 
as  grown  specimens  is  passivated  almost  completely  by  hydrogenation  while  some  part  of  the 
level  in  dislocated  specimens  remains  unpassivated.  This  level  is  thermally  unstable  and  can  be 
regenerated  by  aimealing  at  temperature  higher  than  about  lOO'^C.  The  energy  of  the  level  was 
determined  to  be  Ec  -  0.47eV.  The  Arrhenius  plot  for  this  level  is  labelled  III  in  Fig.  6.  The  large 
discrepancy  in  the  energies  of  deep  levels  reported  by  different  authors  [  8  and  Ref.  therein,  10] 
might  be  attributed  to  the  peculiar  aimealing  behaviour  of  the  level  just  mentioned.  However,  as 
seen  in  Fig.  1,  the  high  temperature  peak  is  observed  also  in  specimens  contaminated  with  Ni 
even  though  the  height  is  small.  Thus,  the  possibility  that  it  results  from  unintentional 
contamination  may  not  be  excluded. 

No  well  defined  DLTS  peaks  have  been  obtained  in  specimens  containing  stacking  faults  and 
contaminated  with  Fe  in  contrast  to  the  specimens  contaminated  with  Ni.  Only  a  broad  band  in 
the  temperature  range  (80  -  250)K  has  been  revealed  in  such  specimens.  Such  a  broad  band  was 
assigned  to  be  related  to  stacking  faults  in  a  previous  paper  [11].  Contamination  with  Fe 
enhances  the  height  of  DLTS  signal  related  to  stacking  faults  by  a  factor  of  about  3  while 
conserving  the  broad  character.  Fe  atoms  in  this  type  of  speeimens  were  observed  to  be 
precipitated  on  Frank  partial  dislocations  bounding  stacking  faults  by  means  of  heterogeneous 
process  [9]. 

Hydrogenation  has  been  found  to  passivate  the  deep  levels  in  Si  containing  stacking  faults  and 
contaminated  with  Fe.  In  specimens  containing  dislocation  loops  and  contaminated  with  Fe  the 
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states  giving  rise  to  the  DLTS  peaks  at  about  lOOK  and  200K  are  not  effectively  passivated  by 
hydrogenation.  However,  their  emission  characteristics  are  modified  as  seen  their  Arrhenius  plots 
(groups  labelled  7  and  If)  in  Fig.  6.  It  is  worth  noting  that  the  emission  characteristic  of  the  level 
belonging  to  the  group  labelled  II  in  specimens  containing  dislocation  loops  and  that  in 
specimens  containing  stacking  faults  coincide  other  after  hydrogenation. 

The  Arrhenius  plots  in  Figs.  5  and  6  obtained  in  the  present  work  are  compared  with  that  for  the 
deep  levels,  termed  A  and  Ci ,  in  plastically  deformed  Si  reported  by  Omling  et  al.  [12].  The  plot 
for  the  state  A  is  rather  close  to  that  of  the  centre  labelled  I  of  the  present  work.  That  for  the  C,  is 
very  close  to  that  of  the  centre  labelled  II.  These  observations  indicate  that  both  the  A  and  C, 
states  are  related  to  extended  defects  decorated  with  metallic  impurities.  Contamination  of  a 
specimen  with  metallic  impurities  is  inevitable  in  plastic  deformation  of  the  specimen  at  an 
elevated  temperature. 

It  is  interesting  to  note  that  hydrogenation  seems  to  modify  the  structure  of  an  extended  defect  in 
the  same  way  irrespective  of  the  nature  of  the  impurities  segregated  on  the  defect  and  also  on  the 
type  of  defect. 

Conclusions. 

DLTS  studies  of  deep  levels  in  n-type  Si  containing  stacking  faults  or  dislocation  loops  and 
contaminated  with  Ni  or  Fe  have  revealed  two  groups  of  deep  levels  which  give  rise  to  DLTS 
peaks  at  about  lOOK  and  200K.  Hydrogenation  of  the  specimens  modifies  the  emission 
characteristics  of  the  two  groups  of  levels  in  such  a  way  that  they  become  independent  of  the 
impurity  species  and  the  type  of  extended  defects.  The  emission  characteristics  of  the  A  and  C; 
traps  reported  for  plastically  deformed  Si  are  similar  to  those  of  the  deep  levels  found  in  the 
present  work. 

Hydrogenation  passivates  the  deep  levels  related  to  stacking  faults  more  effectively  than  those 
related  to  dislocation  loops. 
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Abstract  Metastable  defects  have  been  created  by  light  exposure  in  thin  films  of  a-Si:H.  Effects  on 
the  electronic  properties  have  been  investigated  and  the  interpretation  is  based  on  a  proposed 
recombination  model.  Changes  in  the  defect  density  have  been  measured  by  Photothermal 
Deflection  Spectroscopy  (PDS)  and  Electron  Spin  Resonance  (ESR)  for  different  exposure  times. 
The  samples  have  been  also  characterized  by  dark  conductivity  and  photoconductivity  as  a  function 
of  light  flux.  A  number  of  parameters  have  been  monitored  along  the  photodegradation  process: 
Fermi  level  position,  dangling  bond  density,  Urbach  slope,  density  of  paramagnetic  centers, 
photoconductivity  and  the  exponent  of  its  light  intensity  power  dependence.  The  experimental  results 
are  consistent  with  numerical  calculations  with  a  recombination  model  involving  localized  band  tail 
states  and  one  class  of  correlated  dangling-bond  states.  The  calculations  allow  to  explain  light- 
soaking  effects  on  the  transport  and  recombination  properties  of  the  a-Si:H  films  as  a  consequence 
of  changes  in  the  electronic  occupation  of  the  gap  states  produced  by  light-induced  defects. 

Introduction 

The  photodegradation  of  the  electronic  properties  of  a-Si:H  is  a  subject  of  extensive  research  since 
the  performance  of  a-Si  based  devices  is  significantly  affected  by  exposure  to  light,  with  emphasis 
for  p-i-n  structured  photovoltaic  cells.  Since  the  discovery  of  the  Staebler-Wronsky  effect  [1]  many 
attempts  to  explain  the  mechanisms  of  generation  of  metastable  defects  in  a-Si:H  by  exposure  to 
light  have  been  proposed  [2].  In  the  present  paper  we  concentrate  on  the  relations  between  the  light- 
induced  defects  and  the  degradation  of  the  photoconductivity  in  a-Si:H.  The  observed  experimental 
trends  are  explained  with  the  help  of  numerical  calculations  with  a  recombination  model  which  takes 
into  account  the  characteristic  features  of  the  density  of  states  in  the  gap  of  amorphous  silicon. 

Experimental 

The  experiments  have  been  performed  on  a  nitrogen  doped  a-Si:H  sample  produced  by  r.f  glow- 
discharge  in  a  N2-SiH4  gas  mixture  and  details  are  described  elsewhere  [3].  Degradation  of  the  film 
has  been  performed  with  light  from  a  tungsten-halogen  lamp  at  an  incident  power  density  of 
100  mW/cm^.  Glass  substrates  were  used  for  the  conductivity  and  Photothermal  Deflection 
Spectroscopy  (PDS)  measurements,  and  crystalline  silicon  substrates  were  used  for  the  Electron 
Spin  Resonance  (ESR)  measurements.  ESR  spectra  were  collected  in  a  BRUKER  ESP300  X-band 
spectrometer  at  room  temperature  (294  K).  The  microwave  power  was  0.32  mW  at  9.45  GHz  and 
the  modulation  amplitude  was  5.0  Gpp  for  all  spectra.  The  density  of  paramagnetic  centers  was 
obtained  from  the  intensity  of  the  g  =  2.0055  line  in  the  spectra  which  is  related  to  the  neutral  state  of 
the  Si  dangling  bond  defect  and  is  presented  in  relative  units.  The  defect  density  was  estimated  from 
the  excess  integrated  absorption  in  the  PDS  spectra,  N(cm‘3)  =  7.9  x  10^5  J  exp(a  -  tto  exp(E/Eo)), 
where  Eq  is  the  Urbach  parameter  [4].  Eq  was  estimated  after  differentiating  the  PDS  absorption 
spectrum,  since  the  density  of  states  in  the  gap  N(E)  is  proportional  to  da/d(hv),  where  a  is  the 
absorption  coefficient  and  hv  is  the  radiation  energy  [5]  Photoconductivity  measurements  were 
performed  under  white  light  in  the  range  of  photogeneration  rates  G  ==  10^^  -  10^^  cm'^  s‘l,  using 
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neutral  density  attenuation  filters.  All  the  measurements  have  been  performed  on  the  same  film  after 
subsequent  steps  of  degradation. 

The  recombination  model 

In  the  present  paper  we  report  results  of  numerical  calculations  with  a  recombination  model 
involving  exponential  band  tails  of  localized  states  and  one  class  of  correlated  dangling-bond  states. 
The  recombination  kinetics  are  assumed  to  obey  Shockley-Read  statistics.  Only  transitions  between 
localized  and  extended  states  are  considered.  Simmons-Taylor  statistics  [6]  describes  the  occupation 
of  the  conduction  and  valence  band  tails  of  localized  states,  with  exponential  energy  distributions 
Nct(E)  =  N(Ec)  exp  [(E  -  Ec)/Eoc]  and  Nvt(E)  =  N(Ev)  exp  [(Ey  -  E)/Eov];  E^  and  Ey  are  the 
mobility  edges  of  the  conduction  and  valence  bands,  respectively.  The  dangling-bond  defect  is 
represented  by  correlated  discrete  levels  for  the  states  of  charge  D+,  D^,  D"  with  occupancies  f+,  f° , 
f  ruled  by  correlated  electron  statistics  [7]. 

It  was  already  shown  that  the  model  can  reproduce  the  Fermi  level,  light  intensity  and  temperature 
dependences  of  photoconductivity  and  carrier  lifetimes  including  the  phenomena  of  thermal 
quenching  and  supralinearity  [8, 9]. 

The  basic  equations  are: 

i)  The  equilibrium  of  charge  flows  in  the  conduction  band, 

G  =  Rdb  +  Ect  +  Eyt ,  (1) 

where  G  is  the  photogeneration  rate  and  Rdb,ct,vt  are  net  recombination  rates  (i.e.,  including  capture 
and  emission  terms)  for,  respectively,  the  dangling-bond  states,  the  conduction  band-tail  states  and 
the  valence  band-tail  states. 

ii)  The  charge  neutrality  equation,  where  it  is  assumed  that  the  conduction  band-tail  states  are 
acceptor-like  and  the  valence  barid-taU  states  are  donor-like , 

n  -  p  +  Nd  f'  -  Nd  f+  +  nt  -  pt  =  Q  ,  (2) 

where  n  an  p  are  the  free  electrons  and  holes,  respectively,  Np  is  thr  defect  density,  nt  is  the  density 
of  trapped  electrons  in  the  conduction  band  tail  and  pt  is  the  density  of  trapped  holes  in  the  valence 
band  tail . 

The  term  Q  in  Eq.  (2)  accounts  for  the  charge  in  the  dopant  centers  and  is  zero  for  undoped  material, 
positive  for  n-type  and  negative  for  p-type.  It  is  assumed  that  the  occupation  of  dopant  states  is  not 
significantly  altered  neither  by  light  nor  by  temperature. 

Results 

In  Figs.  1,  2  and  3,  the  experimental  results  are  shown  as  a  function  of  light  exposure  time;  lines  are 
drawn  as  guides  for  the  eye.  In  Fig.  2,  the  magnitude  of  steady-state  photoconductivity  is  shown  for 
two  values  of  the  photogeneration  rate  used  in  the  measurement.  The  values  of  the  y  exponent  of  the 
light  intensity  dependence  of  the  photoconductivity,  CTph  a  GY,  represented  in  Fig.  3  were  obtained 
in  the  range  G  =  10^0  -  IQ^I  cm"3  s‘l.  The  position  of  the  Fermi  level  relative  to  the  conduction 
band  (E^-Ep)  was  estimated  from  the  measurement  of  the  dark  conductivity  at  room  temperature 
and  by  using  the  conductivity  prefactor  CTq  =  150  cm-l[10].  The  annealed  sample  has  a  value 

Eg-Ep  =  0.43  eV  which  is  consistent  with  the  n-type  doping  effect  of  nitrogen  in  a-Si:H. 
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Exposure  time  (min) 

Fig.  1  -  Density  of  defects  estimated  by  PDS  and  relative  density  of  paramagnetic 
centers  measured  by  ESR,  as  functions  of  light  exposure  time. 


Exposure  time  (min.) 

Fig.  2  -  Photoconductivity  magnitude  after  different  light  exposure  times. 
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Fig.  3  -  Fermi  level  position  and  the  exponent  y  of  the  light  intensity  dependence  of 
photoconductivity  as  functions  of  the  degradation  time. 

In  the  calculations,  the  D®  state  is  located  1  eV  below  the  conduction  band  edge  and  the  correlation 
energy  is  0.4  eV  [1 1].  From  the  PDS  measurements  the  reciprocal  slope  of  the  valence  band  tail  has 
been  estimated  as  Eqv  =  0.056  eV.  As  the  conduction  band  tail  has  a  reciprocal  slope  of  about  60% 
of  the  valence  band  tail  [12],  we  have  adopted  Hoc  =  0.034  eV.  The  capture  cross  section  of  the  band 
tail  states  is  at  =  lO'^^  cm-2  [13],  the  capture  cross  sections  of  the  D®  state  for  electrons  and  holes 
are  an°  =  apO  =2  x  lO'^^  cm^  and  the  capture  cross  sections  of  the  charged  D+  and  D"  states  for 
electrons  and  holes  are  an+  =  Op-  =  lO'^^  cm2  [14]^  the  temperature  is  T  =  300  K.  In  Fig.  4,  the 
photoconductivity  data  is  for  G  =  1020  cm-3  s'^  and  the  y  exponent  was  calculated  in  the  range 
Q  _  io20  .  io21  cm‘2  s'^.  The  position  of  the  Fermi  level  for  different  values  of  the  metastable 
density  of  defects  Nd  was  calculated  from  the  charge  neutrality  condition. 
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Fig.4  -  Comparison  between  the  experimental  data  and  the  model  results. 
TTie  symbols  are  the  data  and  the  lines  are  the  results  of  the  calculations. 
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Discussion 

A  particular  feature  of  the  present  ligh-soaking  study  is  that,  in  the  range  of  light  exposure  times  up 
to  500  hours,  the  defeet  density  deduced  from  PDS  does  not  change  significantly  and  the  apparent 
variations  are  within  the  usual  error  range  for  these  kind  of  measurements.  This  can  be  related  to  the 
fairly  high  density  of  defects  of  the  annealed  state  of  that  sample  [2],  which  is  consistent  with  the 
corresponding  Fermi  level  position  E(.-Ep  =  0.43  eV  [15].  However,  as  is  shown  in  Fig.  2,  the 
photoconductivity  decreases  by  an  order  of  magnitude  over  the  degradation  proeess  The  fair 
agreement  between  the  experimental  trends  and  the  model  results  ilustrated  in  Fig.  4  is  a  good 
support  for  the  interpretation.  The  decrease  in  the  photoconduetivity  magnitude  can  be  explained  by 
the  shift  of  the  Fermi  level  towards  the  middle  of  the  gap  (Fig.  4)  and  the  consequent  increase  of  the 
density  of  DO  states,  NdOq  in  the  dark,  which  are  the  dominant  recombination  centers  for  electrons. 
The  intensity  of  the  ESR  signal  is  a  measure  of  the  density  of  DO  centers  and  also  increases  with  the 
exposure  time  (Figs.  1  and  4).  The  inerease  of  the  exponent  y  is  induced  by  the  shift  of  the  Fermi 
level,  as  previous  modelling  has  shown  [8].  As  can  be  seen  in  Fig.4,  the  model  prediets  a  very  small 
inerease  of  the  dangling  bond  density  over  the  studied  range  of  energies  in  agreement  with  the  PDS 
data. 

Conclusions 

Light-induced  effects  on  the  room  temperature  photoconductivity  and  its  light  intensity  dependence, 
on  the  Fermi  level  position,  on  the  total  defect  density  and  on  the  paramagnetic  spin  density,  have 
been  studied  in  a  nitrogen  doped  a-Si:H  thin  film.  The  experimental  trends  can  be  explained  and 
reproduced  by  numerical  simulations  with  a  recombination  model  involving  one  class  of  correlated 
silicon  dangling  bond  states  and  exponential  band  tails  of  localized  states  The  increase  in  the 
metastable  defect  density  induces  the  shift  of  the  Fermi  level  towards  the  middle  of  the  gap,  leading 
to  an  increase  of  the  density  of  the  D®  neutral  centers,  whieh  are  the  principal  recombination  centers 
for  electrons  in  the  studied  temperature  and  light  intensity  experimental  conditions,  therefore 
producing  a  decay  in  the  photoconductivity  magnitude,  while  the  y  exponent  approaches  unity.  The 
consistency  of  the  simulation  results  with  the  experimental  data  contributes  to  the  validation  of  the 
proposed  recombination  model,which  has  already  been  successful  in  previous  simulation  studies, 
and  gives  new  insight  into  the  photodegradation  of  the  electronic  properties  in  a-Si:H.. 
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Abstract.  Proton  implantation  in  n-t5T)e  silicon  at  temperatures  below  «  80  K  generates  a 
metastable  deep  donor  defect  ascribed  to  hydrogen  at  the  bond  centre  site  in  the  silicon  lattice.  The 
defect  anneals  at  »  100  K  forming  a  negatively  charged  acceptor  structure.  In  implanted  p^n  diodes 
the  donor  state  can  be  recovered  by  forward-bias  injection  of  holes.  The  recovery  broadens  the 
primary  straggling  profile  of  the  hydrogen  implant.  We  have  applied  Laplace  deep-level 
spectroscopy  to  study  this  profile  broadening.  It  is  demonstrated  that  quantitative  measures  of  the 
diffusion  broadening  of  narrow  deep  donor  layers  can  be  obtained  by  peak-shape  analysis.  This 
novel  method  rests  upon  the  electric-field  dependence  of  donor  emission  rates,  and  utilises  the  high 
emission-rate  resolution  offered  by  the  Laplace  technique.  We  show  that  diffusion  lengths  in  the 
micron  range  may  be  derived. 

Introduction 

One  of  the  standard  applications  of  deep-level  transient  spectroscopy  (DLTS)  is  to  investigate 
spatial  distributions  of  defect  species  in  depletion  layers  of  diode  structures.  This  may  include 
studies  of  impurity  diffusion,  decoration  of  radiation  damage,  and  interactions  between  defects  in 
general.  The  high  resolution  offered  by  Laplace  DLTS  [1]  can  be  utilised  to  investigate  the 
diffiision  broadening  of  an  implanted  impurity  layer  without  having  to  carry  out  defect  profiling  in 
the  usual  way.  In  the  case  of  a  deep  donor  the  electric-field  dependence  of  the  emission  rate  (the 
Poole-Frenkel  effect)  provides  a  convenient  transformation  between  the  scales  of  emission-rate  and 
depth.  As  a  result,  with  sufficiently  good  resolution,  a  quantitative  evaluation  of  diffusion  lengths  in 
the  micron  range  may  be  obtained  from  shape  analysis  of  the  Laplace  signal.  This  work  tests  the 
method  in  a  study  of  injection  enhanced  migration  of  interstitial  hydrogen  in  silicon  using  the  E3” 
deep-donor  signal  of  hydrogen  [2]  as  a  vehicle  to  trace  the  migration. 

Measurements  and  Results 

The  introduction  of  the  Laplace  transform 
method  of  capacitance  transient  analysis  in 
conventional  DLTS  makes  a  substantial 
improvement  in  terms  of  the  resolution 
obtainable  [1].  A  particular  feature  of  the 
technique  is  its  ability  to  recognise  the 
difference  between  a  case  when  the  transient 
consists  of  a  close  series  of  discrete  mono¬ 
exponential  components  and  a  case  when  the 
transient  non-exponentialilty  is  a  result  of  a 
continuous  distribution  of  the  defect 
parameters.  This  distribution  is  visualised  as  a 
DLTS-signal  spectrum  function  on  the 
logarithmic  scale  of  the  emission  rates.  The 
spectral  distribution  is  the  mathematical 
representation  of  the  Laplace-transform 
inverse  function  of  the  capacitance  transient. 

See  Ref  [1]  and  references  therein  for  details. 


Fig.  1  An  example  indicating  the  relation  between 
emission  rate  and  depth.  A  Coulomb-field  rate-dependence 
has  been  assumed  and  graphs  representing  the  one¬ 
dimensional  as  well  as  the  two-dimensional  model  [3]  are 
shown.  The  graphs  have  been  calculated  for  a  20  V 
reverse-biased  10  Qcm  n-type  silicon  diode. 
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In  the  Laplace  method  it  is  not  necessary  to  make  any  a  priory  assumptions  about  the  functional 
shape  of  the  spectrum,  except  that  all  decays  are  exponential  in  the  same  direction.  The  transient- 
deconvolution  algorithm  is  based  on  the  so-called  Tikchonow  regularisation  method  and  the  current 


100  1000 


Emission  rate  [s‘^] 


Emission  Rate  [s’^] 


Fig.  2  T  apiarp  DLTS  spectra  indicating  the  injection-induced  broadening  of  the  E3”  signal.  Two  different 
numerical  realisations  of  the  deconvolution  algorithm  have  been  used  to  analyse  the  same  capacitance 
transient.  The  resulting  spectra  are  shown  in  a)  and  b).  The  markers  (•)  and  (o)  indicate  data  obtained  before 
and  after  injection,  respectively.  The  peak  labelled  (A)  is  the  oxygen-vacancy  A-centre  signal. 


version  allows  for  parallel  use  of  alternative  different  numerical  realisations  of  the  algorithm.  These 
different  realisations  must  lead  to  consistent  deconvoluted  spectra  in  order  to  achieve  the  necessary 
level  of  confidence  in  the  analysis. 

As  briefly  mentioned  in  the  introduction,  the  Poole-Frenkel  effect  connects  the  distribution  of  the 
exponential  transients  contained  in  the  Laplace  signal  to  the  depth  distribution  of  the  corresponding 
deep  donor.  To  indicate  the  sensitivity  in  the  conversion  between  the  two  distributions  Fig.  1 
depicts  of  the  emission  rate  versus  depth  for  a  typical  case  (10  Qcm  n-type  silicon  and  20  V  reverse 
bias).  The  individual  graphs  represent  the  one-dimensional  Coulomb-field  model  and  its  two- 
dimensional  extension  [3].  As  indicated  in  the  figure,  an  implantation  depth  of  «  4  pm  should  be 
attempted  to  obtain  suitable  sensitivity  and  diffusion  space.  After  proton  implantation  at  low 
temperature  we  can  assume  that  the  distribution  of  hydrogen-related  defects  is  represented  by  a 
Gaussian  defect  profile.  We  further  assume  that  this  profile  stays  Gaussian  during  diffusion 
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broadening.  When  the  effective  shallow  dopant  concentration  is  homogeneous  the  relation  between 
emission  rate  )  and  depth  (x)  can  be  represented  mathematically  as 

log{eJ  =  aylj3-x  +  r  (1) 

where,  in  the  actual  case,  the  constants  a,  p  and  y  can  be  obtained  from  a  measurement  of  the  Pole- 
Frenkel  shift  as  function  of  reverse  bias.  If  the  dopant  concentration  can  not  be  considered 
homogeneous  the  relation  between  depth  and  field  (reverse  bias  voltage)  must  be  obtained 
separately  by  capacitance-voltage  profiling  and  used  to  modify  the  above  relation.  An  underlying 
Gaussian  depth  distribution  causes  the  Laplace  DLTS  signal,  plotted  on  a  logarithmic  emission-rate 
scale,  to  appear  with  a  skewed  Gaussian-like  shape.  It  is  implied  in  the  analysis  that  the  natural 
linewidth  of  the  Laplace  signal  is  negligible  compared  to  the  diffusion-broadened  signal. 

Having  shown  in  principle  how  the  Laplace  technique  may  be  utilised  to  obtain  diffusion  lengths 
we  test  its  applicability  in  practical  work  using  the  hydrogen  E3”  donor  signal  [2]  as  a  suitable  test 
case.  Figure  2  shows  the  Laplace  spectra  resulting  from  deconvolution  of  the  same  experimental 
capacitance  transient  using  two  alternative  numerical  methods  with  different  convergence  criteria  in 
the  analysis.  As  can  be  seen  the  main  features  of  the  spectra  are  very  similar.  In  both  cases  a  narrow 
hydrogen  signal  (E3”)  is  revealed  prior  to  forward-bias  injection,  and  after  injection  these  E3” 
signals  broadens  equally.  The  small  signal,  denoted  (A)  in  the  figure,  originates  from  the  oxygen- 
vacancy  defect  (the  A-centre)  and  should  not  broaden  being  an  acceptor  signal.  However,  some 
broadening  is  in  fact  observed.  This  indicates  the  limitation  of  the  technique  namely  that  the  shape 
of  small  features  in  the  spectra  may  be  influenced  by  nearby  strong  peaks.  It  should  be  noticed  that 
the  intensity  of  the  A-centre  peak  is  unaffected  by  the  shape  and  size  of  the  dominating  E3”  signal. 

Two  strong  donor  signals  (E3’  and  E3”)  can  be  observed  in  n-type  silicon  diodes  after  low-dose 
proton  implantation  at  temperatures  below  80  K.  These  signals  relate  to  primary  interstitial  defect 
structures  of  hydrogen  from  which  secondary  hydrogen-associated  defects  form  during  annealing  of 
the  sample.  The  study  of  the  primary  hydrogen  defects,  such  as  the  migration  indicated  by  the 
broadening  of  the  E3”  signal,  is  therefore  of  fundamental  interest  for  our  understanding  of  the 
behaviour  of  the  hydrogen  impurity  in  silicon.  We  shall  restrict  our  discussion  to  properties  of  E3” 
which  are  relevant  in  the  context  of  testing  the  diffusion  application  of  Laplace  DLTS.  We  refer  to  a 


Log  ( emission  rate  [s"’]) 

Fig.  3  Least  squares  analysis  of  the  E3”  peak  shape  assuming  an  underlying  Gaussian  depth 
distribution.  Equation  1  is  used  to  relate  emission-rate  and  depth.  The  resulting  standard  deviations  are 
a  =  0.43  pm  and  ct  =  0. 1 1  pm  for  the  diflused  (o)  and  non-diffiised  (•)  cases,  respectively. 


contribution  presented  elsewhere  in  these  proceedings  [2]  for  further  details  eonceming  the 
hydrogen  donor  signals.  The  circumstances  regarding  the  E3”  formation  is  as  follows:  In  as- 
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implanted  samples  (typically  lO’”  cm'^  for  10  Qcm  material)  a  different  donor  signal  is  present  [4], 
This  signal  is  denoted  E3’  and  is  almost  identical  to  E3”.  The  two  signals  are  distinguished  only 
because  they  form  and  anneal  differently.  The  E3’  signal  disappear  when  the  sample  is  annealed 
without  bias  at  «  100  K  and  a  negatively  charged  acceptor-type  hydrogen  centre  is  formed  [4]. 
From  this  centre,  the  E3”  signal  can  be  generated  by  exposure  of  the  sample  to  band-gap  light  [2], 
while  the  sample  is  kept  under  reverse  bias.  The  E3”  signal  is  highly  unstable  when  the  bias  is 
removed.  In  fact,  it  decays  partly  during  the  DLTS  scans  performed  at  85  K.  Also  the  E3’  signal  can 
be  recovered,  however,  unlike  E3”  by  forward-bias  injection  of  holes  [2,4].  When  the  E3  centre  is 
atmealed  once  more  after  the  recovery  more  than  75%  the  E3”  signal  can  again  be  generated  by 
illumination  now  broadened  as  a  result  of  hydrogen  migration.  The  described  scenario  corresponds 
to  the  data  of  Fig.  2. 

A  least  squares  analysis  of  the  difiusion  broadening  is  presented  in  Fig.  3.  The  analysis  is  based 
on  the  Gaussian  difiusion  model  discussed  above  with  the  constants  of  Eq.  1  specified  using  a 
measured  Poole-Frenkel  shift.  The  resulting  standard  deviations  of  the  underlying  depth 
distributions  are  a  =  0.43  pm  and  <j  =  0.1 1  pm  in  the  diffused  and  non-difftised  cases,  respectively. 
The  corresponding  diffusion  length  is  about  0.3  pm,  which  is  much  larger  than  expected  for  thermal 
difiusion  of  hydrogen  [2,5].  It  may  be  noticed  that  the  standard  deviation  in  the  non-diflfosed  case 
comes  out  slightly  smaller  than  that  of  the  range  straggling  («  0. 15  pm).  This  may  be  traced  back  to 
the  compensation  effect  of  the  implantation.  In  the  analyses  we  have  used  the  virgin-sample  linear 
relation  between  depth  and  electric  field.  However,  the  actual  (average)  field  varies  more  slowly 
than  derived  from  this  relation  in  the  range  of  implantation  straggling.  Thus  the  analyses  slightly 
underestimate  the  widths  of  the  distributions  particularly  in  the  non-diffused  case. 

Conclusion 

A  novel  application  of  Laplace  DLTS  has  been  introduced.  We  have  shown  by  an  example  that 
peak-shape  analysis  of  the  Laplace  transformed  signal  can  be  utilised  to  study  difiusion  broadening 
of  narrow  deep-donor  distributions  inside  depletion  layers  of  diodes.  The  method  is  free  of 
complications  coming  from  the  Debye-tail,  which  may  effect  conventional  DLTS  profiling  of 
narrow  layers.  The  method  is,  however,  limited  to  cases  where  the  analysed  peak  is  dominating  in 
the  Laplace  spectrum.  The  hydrogen  test  case  has  revealed  a  remarkably  fast  injection-enhanced 
difiusion  of  hydrogen  with  a  difiusion  length  that  is  many  orders  of  magnitude  larger  than  expected 
for  thermal  difiusion. 
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Abstract 

The  nature  and  stability  of  grown-in  defects  in  Czochralski  silicon  is  discussed  as  well  as  their 
dependence  on  crystal  pulling  conditions.  It  is  shown  that  large  voids  are  formed  during  crystal 
cooling  by  agglomeration  of  vacancies  together  with  much  smaller  silicon  oxide  precipitates.  During 
further  thermal  treatments  the  oxide  precipitates  become  the  dominant  defects  with  a  number  density 
2  to  4  orders  of  magnitude  larger  than  that  of  grown-in  voids.  Defect  nucleation  and  growth 
simulations  illustrate  the  crucial  role  played  by  intrinsic  point  defects  at  the  melt/solid  interface, 

Introduction 

Most  commercial  silicon  materials  are  grown  using  pulling  conditions  resulting  in  vacancy-rich 
crystals.  The  supersaturation  of  vacancies  during  crystal  cooling  leads  to  the  formation  of  so-called 
D-defects  which  have  a  detrimental  impact  on  the  electrical  properties  of  thin  gate  oxides  [1-4]  and 
have  therefore  been  studied  intensively  during  the  last  years  [5-8].  Only  recently,  it  was  established 
that  as-grown  Czochralski  silicon  contains  lo’-io’  cm'^  octahedral  voids  with  diameters  in  the  100 
nm  range.  The  observed  void  density  correlates  well  with  the  gate  oxide  and  D-defect  densities. 

As  interstitial  oxygen  is  present  in  high  concentration,  oxide  precipitate  nuclei  are  also  formed  during 
crystal  growth.  Due  to  the  slower  diffusion  of  oxygen,  the  size  of  these  nuclei  is  smaller  than  that  of 
the  D-defects  while  their  number  density  is  a  few  orders  of  magnitude  higher. 

In  the  present  paper  results  are  reported  of  an  experimental  and  numerical  investigation  of  grown-in 
point  defect  clusters  as  a  function  of  crystal  pulling  conditions.  Infrared  light  scattering  and 
interference  contrast  techniques  are  used  to  measure  the  defect  size  and  density  distributions  in  as- 
grown  and  heat  treated  Czochralski  silicon  wafers.  A  large  fraction  of  the  grown-in  defects  is 
smaller  than  the  size  detection  limit  of  the  available  analytical  tools  and  is  therefore  not  observed  in 
the  as-grown  material.  Increasing  the  defect  sizes  by  thermal  anneals  allows  to  shift  the  initial  defect 
sizes  above  the  size  detection  limit  and  yields  indirect  information  on  the  grown-in  distribution. 

The  experimental  observations  can  be  reproduced  with  high  accuracy  by  numerically  simulating  the 
whole  pulling  process.  This  includes  not  only  intrinsic  point  defect  incorporation  but  also 
homogenous  nucleation  and  growth  of  voids  and  oxide  nuclei  during  cooling  of  the  crystal. 
Consistent  estimates  of  the  intrinsic  point  defect  solubility  and  diffusivity  can  also  be  determined 
allowing  to  simulate  a  wide  variety  of  crystal  pulling  processes  with  the  same  set  of  parameters. 
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Materials  and  techniques 

Wafers  are  studied  which  were  prepared  from  150  and  200  mm  crystals  pulled  with  hot  zone  designs 
leading  to  different  crystal  cooling  rates  labelled  A  to  E  (cooling  rate  decreasing  from  A  to  E).  All 
crystals  were  however  pulled  fast  enough  to  obtain  vacancy-rich  material. 

Low  defect  densities  in  the  bulk  of  silicon  wafers  can  be  studied  conveniently  by  non-invasive  tools 
using  near  infrared  (IR)  light.  IR  interference  contrast  microscopy  [9]  and  light  scattering 
tomography  (LSI)  [10]  have  been  used  to  study  the  defect  distributions  in  as-grown  and  annealed 
Cz  wafers.  After  determination  of  accurate  defect  coordinates  TEM  analyses  were  performed  using 
focused  ion  beam  techniques  to  prepare  thin  foils  containing  the  defect. 

The  nucleation  and  growth  of  defects  is  simulated  using  an  integrated  software  package  allowing  not 
only  to  model  the  full  crystal  pulling  process  including  the  temperature  distributions  and  the 
concentration  of  intrinsic  point  defects  in  the  growing  crystal  [11]  but  also  the  precipitation 
processes  during  crystal  growth  and  further  thermal  anneals  [12].  Oxide  or  vacancy  cluster 
formation  is  hereby  simulated  using  rate  equations  for  small  clusters  composed  of  less  than  20  atoms. 
For  larger  clusters  the  required  calculation  power  increases  tremendously  with  the  number  of 
equations  and  therefor  their  growth  is  described  by  a  single  Fokker-Planck  equation. 


Results  and  discussion 

Defects  in  as-grown  Cz  wafers:  oxide  precipitates  versus  voids 

LST  and  IR  interference  contrast  microscopy  reveal 
defects  in  as-grown  wafers  with  densities  typically 
between  10^  and  10^  cm‘^  A  clear  correlation  exists 
between  density  and  size  of  the  defects  (Fig.  1)  as 
expected  for  a  homogeneous  nucleation  process.  For 
many  years  there  has  been  a  discussion  on  the  real 
nature  of  these  defects  i.e.  oxide  precipitates  or  vacancy 
clusters.  Recently,  TEM  investigations  have  shown 
that  the  grown-in  defects  which  are  detected  by  light 
scattering  tools  are  large  octahedral  voids  with  the 
internal  surface  covered  by  a  thin  amorphous  layer 
which  is  probably  SiO-t  [7,8].  Figure  2  shows  a  typical 
defect  in  a  B-type,  150  mm  wafer  [13].  The  diameter 
of  the  voids  ranges  typically  between  50  and  300  nm 
LST  defects  (cm  '’)  depending  on  the  cooling  rate  of  the  cry  stal  [  1 1  ] . 

In  the  as-grown  material  SiOx  precipitate  nuclei  are  too 
Fig.  1:  Defect  density  vs  size  in  as-grown  silicon  g^g||  Ijg  detected.  A  special  technique  was 
and  after  gate  oxidation  (70  min,  900°C)  [4].  j-  ,  ,i 

developed  to  shift  this  size  distribution  above  the 

detection  limit  of  LST  showing  that  also  the  grown-in  oxide  precipitate  distribution  depends  strongly 
on  the  crystal  pulling  conditions  [14]. 

The  dominant  defects  which  are  expected  in  fast  pulled  material  are  thus  vacancy  and  oxide  clusters 
as  a  high  supersaturation  of  both  types  of  point  defects  is  created  during  cooling  of  the  crystal. 
Recent  TEM  results  suggest  that  the  large  defects  which  are  observed  by  LST  and  which  give  rise  to 
the  formation  of  COP  are  octahedral  voids  possibly  partially  filled  with  oxide.  Also  recent 
simulations  of  void  formation  yield  results  which  are  in  excellent  agreement  with  grown-in  defect 
size  and  density  distributions  observed  after  different  crystal  pulling  processes. 
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Fig.  2:  a)  Cross-section  TEM  image  of  a  D-defect  close  to  the  wafer  surface,  b)  High  resolution  image  revealing  a  5 
nm  thick  amorphous  layer  on  the  inner  surface  of  the  void. 


Nticlealioti  and  growth  of  precipitates  in  silicon 


Cooling  the  silicon  crystal  from  the  melt  temperature  leads  to  a  supersaturation  of  interstitial  oxygen 
and  self-interstitials  and/or  vacancies  depending  on  the  pull  rate  and  axial  thermal  gradient  [11],  The 
critical  radius  rf°'  of  a  SiO^  precipitate  is  strongly  influenced  by  the  supersaturation  of  oxygen  and 
intrinsic  point  defects  while  for  voids  only  the  vacancy  supersaturation  is  involved, 
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a^io^  is  the  interface  energy  between  oxide  and  silicon  while  is  the  surface  energy  per  unit  area 
of  silicon.  The  interstitial  oxygen  and  the  vacancy  in  the  matrix  are  Cg,  and  C,, ,  respectively  while 
their  thermal  equilibrium  values  are  C*,  and  Cy  ■  The  molecular  volume  of  all  known  silicon 
oxide  phases  is  larger  than  the  one  of  silicon  (fig).  It  is  assumed  that  this  volume  deficiency  is 
relieved  by  the  absorption  of  P  vacancies  from  the  matrix  per  precipitated  oxygen  atom. 

Assuming  that  the  nucleation  of  precipitates  during  the  cooling  process  is  homogeneous,  the 
nucleation  rate  J  of  spherical  particles  is  according  to  the  classical  nucleation  theory  given  by 

G(rJ  . 

J  '^Dpir^Cl)^ e  with  G(;; )  =  +{Gy+EJ- (2) 

Dp  is  the  diffusion  coefficient,  Cp  the  concentration,  G  the  free  energy  for  forming  a  nucleus  with 
radius  .  Gy  is  the  free  energy  and  the  strain  energy  per  unit  of  precipitate  volume. 
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In  a  first  order  approximation  one  expects  an  exponential  relation  between  the  size  of  the  precipitates 
and  the  number  density  observed  after  crystal  growth  (Fig.  1).  Equations  (1)  also  illusftate  the  tight 
connection  which  exists  between  vacancy  and  oxygen  behaviour.  For  a  reliable  prediction  of  oxygen 
precipitation  kinetics  one  has  therefore  to  consider  at  least  the  effect  of  a  vacancy  supersaturation 
and  in  a  more  refined  simulation  also  the  simultaneous  formation  of  voids  and  oxide  precipitates  as 
well  as  consumption  of  vacancies  by  the  growing  precipitates  and  of  oxygen  by  the  growing  voids. 
For  the  calculation  of  the  grown-in  point  defect  cluster  size  and  density  a  precipitation  scheme  is 
used  in  which  the  kinetics  of  clustering  is  described  by  rate  equations  for  small  cluster  sizes  (<  20 
clustered  molecules).  Larger  clusters  are  treated  by  an  additional  Fokker-Planck  equation  to 
calculate  the  overall  size  distribution.  The  coefficients  of  the  resulting  equations  are  modelled  using 
phenomenological  models  of  cluster  free  energy  and  assuming  diffusion  limited  precipitation.  Voids 
and  oxide  precipitates  are  considered  to  be  spherical  for  simplicity.  The  defect  radius  is  calculated 
from  the  number  of  precipitated  molecules  n  present  in  the  precipitate 
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with  X  =  Si  for  a  void  and  x  =  SiO  or  SiO^  for  an  oxide  precipitate. 

Nucleation  is  to  a  large  extent  determined  by  the  interface  energy  o  between  the  precipitated  phase 
and  the  surrounding  matrix.  In  the  present  simulations  interface  energies  of  1  (void)  and  1.7  {SiO^) 
Jm'^  were  used  [15].  In  view  of  its  high  interface  energy  one  needs  a  supersaturation  of  vacancies 
decreasing  the  critical  radius  of  a  SiO^  particle  to  have  significant  nucleation. 

The  observed  LST  defect  densities  in  the  as-grown  material  are  reproduced  quite  well  by  the 
calculated  void  densities.  Figure  3  shows  a  comparison  of  the  expected  void  and  oxide  precipitate 
density  for  different  pulling  processes  with  superimposed  the  defect  density  determined  with  LST 
and  gate  oxide  tests.  It  turns  out  that  the  same  supersaturation  of  vacancies  which  is  assumed  for  the 
void  nucleation  leads  to  the  expected  iS/Oj  particle  nucleation.  The  figure  also  illustrates  that  there 
is  no  correlation  between  oxide  precipitate  density  and  GOT  An  excellent  agreement  is  obtained 
between  the  simulated  and  measured  sizes  only  in  case  of  voids  (Fig.  4).  The  size  of  the  oxide 
precipitates  is  in  the  range  of  7  nm  which  is  well  below  detection  limit  of  available  analytical  tools. 
The  simulated  size  corresponds  with  the  oxide  layer  thickness  on  the  internal  surface  of  the  void  of 
which  the  growth  is  probably  also  oxygen  diffusion  limited  The  density  is  however  in  the  range 
between  10*  and  10'°  cm'^  in  excellent  agreement  with  observations  after  further  thermal  anneals. 


Fig.  3:  GO,  LST  defect  and  calculated  void  and  oxide  Fig.  4:  Computed  void  and  silicon  oxide  precipitate  sizes 
precipitate  densities  in  150  (6)  and  200  (8)  mm  as  a  compared  with  LST  defect  sizes  observed  in  150  and  200 
function  of  the  dwell  time  between  1050  and  900‘’C.  mm  crystals  (6  and  8,  resp.). 
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The  size  and  density  distribution  of  both  voids  and  silicon  oxide  precipitates  depends  strongly  on  the 
crystal  pulling  conditions  (Figures  2  and  5).  Faster  cooling  leads  to  an  increasing  density  of  voids 
with  smaller  sizes.  The  results  also  show  that  voids  are  formed  in  the  temperature  window  between 
1050  and  900°C.  Above  1050°C  the  vacancy  supersaturation  is  quite  low  leading  to  a  negligible 
nucleation  rate.  Below  900°C  their  is  no  more  significant  growth  of  voids.  Shifting  the  oxide 
precipitate  sizes  above  the  detection  limit  of  LST  reveals  indirectly  grown-in  size  distributions 
expressed  by  the  stability  temperatures  of  the  precipitates  (Fig.  5)  [14]. 

Defect  evolution  due  to  thermal  anneals 


IR  interference  contrast  microscopy  and  LST  analyses  were  performed  on  wafers  before  and  after 
thermal  anneals.  The  grown-in  voids  apparently  grow  also  during  thermal  treatments  as  shown  in 
Fig.  1  for  a  gate  oxidation  at  900°C  for  70  min.  Due  to  the  low  temperature  anneal  the  grown-in 
oxide  precipitates  remain  smaller  than  the  detection  limit  of  the  techniques  and  still  only  the  voids  are 
observed.  After  prolonged  heat  treatments  or  using  higher  temperatures  oxide  precipitates  become 
visible  and  due  to  their  much  larger  density  become  the  dominant  defect  in  the  observations.  This  is 
illustrated  for  a  high/low/high  treatment  (1100°C,  6h  +  750°C,  8h  +  975°C,  9h)  where  a  distribution 
of  large  oxide  precipitates  is  formed  with  a  density  which  is  3  orders  of  magnitude  higher  than  that  of 
the  grown-in  voids  (Fig.  6)  but  still  in  agreement  with  the  grown-in  oxide  precipitate  density 
predicted  by  the  simulation. 

Also  here  the  use  of  simulation  to  determine  the  evolution  of  the  grown-in  defect  distribution  during 
the  thermal  anneal  is  needed  especially  for  the  near  surface  region  where  devices  will  be  fabricated 
[16].  For  an  accurate  description,  both  outdiffusion  of  oxygen  and  vacancies  should  to  be  taken  into 
account  as  well  as  Ostwald  ripening  processes. 
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Fig.  6:  Inlerrerence  contrast  microscopy  detect 


distribution  in  as-grown  (no)  and  annealed  (hlh)  B-type 


Fig.  5:  LST  determined  grown-in  defect  spectrum  and  FZ  wafers  [9].  The  defect  size  is  proportional  to  the 


obtained  with  sequential  anneals  [14]. 


third  root  of  the  threshold  voltage  Vo,  (>  IV). 
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Conclusion 

Defect  nucleation  and  growth  during  crystal  growth  can  be  simulated  accurately  using  advanced 
simulators.  Comparison  with  experimental  data  allows  to  determine  fundamental  material  properties 
like  solubility  and  diffusivity  of  intrinsic  point  defects.  A  consistent  set  of  data  could  be  determined 
allowing  to  simulate  quantitatively  defect  nucleation  and  growth  for  a  large  range  of  Czochralski 
crystal  pulling  conditions. 

The  simulations  show  clearly  that  the  large  grown-in  defects  which  are  observed  in  as-grown  Cz 
silicon  are  voids  formed  by  vacancy  agglomeration.  In  parallel  a  much  higher  density  of  small  oxide 
precipitates  are  formed  of  which  the  size  is  below  the  detection  limit  of  present  analytical  tools. 
Nevertheless  as  these  precipitates  determine  the  later  oxygen  precipitation  behaviour  their  nucleation 
and  its  strong  dependence  on  intrinsic  point  defects  has  to  be  understood  quantitatively. 
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Abstract.  The  rates  of  loss  of  isolated  oxygen  from  solution  at  the  lowest  temperatures  (T  <  400°C) 
are  close  to  those  expected  for  0,-0)  interaction  in  a  dilute  solution,  yet  the  dependence  of  rates  on 
[Oj]  at  slightly  higher  temperatures  (400  <  T  <  500“C)  indicates  that  the  predominant  clusters  formed 
contain  many  more  then  two  atoms.  The  implieation  that  the  kinetics  of  0-clustering  at  low 
temperatures  are  anomalous  coincides  with  the  assumption  that  thermal  donors  consist  of  different 
numbers  of  clustered  0-atoms.  Attribution  of  the  implied  fast  evolution  of  a  series  of  clusters  to 
rapid  dimer  diffusion  does  not  appear  to  be  eonsistent  with  observations  relating  to  the  defects 
subsequentiy  detected.  Even  if  aspects  of  this  evolution  suggest  the  involvement  of  self-interstitials 
ejected  during  clustering,  no  reasonable  way  has  been  found  that  these  defects  might  account  for  the 
serial  evolution  of  large  0-clusters.  A  natural  explanation  of  growth  of  a  series  of  relatively  large 
clusters  is  that  a  barrier  to  dimerization  exists  and  that  the  rate  of  Oi-Oj  interaction  is  much  greater 
than  that  of  [OJ-loss.  The  assumption  of  a  dilute  solution  seems  to  be  questionable. 

Introduction. 

Oxygen  atoms  are  incorporated  in  silicon  crystals  grown  by  the  Czochralski  method,  due  to  the 
partial  dissolution  of  the  quartz  crucible  in  which  the  melt  is  contained.  The  solid  solution  is  highly 
supersaturated  at  temperatures  below  ~  1250®C  and  the  equilibrium  solubility  decreases  rapidly  with 
temperature  (Cs=9xl0^^exp(-1.52eV/kT)cm'^)  [1].  Yet  despite  the  slow  rate  of  cooling  in  the  crystal 
puller  (~  100°C/h),  the  oxygen  atoms  remain  predominantly  in  isolated  interstitial  sites  (Oj),  giving 
rise  to  an  infrared  (IR)  absorption  band  at  9/nm.  Following  anneals  at  high  temperatures  (T  >  700“C) 
estimates  of  the  diffusion  coefficient  of  0|  (D„,;y=0.13exp(-2.53eV/kT)cm^s  ‘)  were  derived  from 
near-surface  concentration  profiles  [2]  and  the  results  were  independent  of  doping,  crystallographie 
orientation  or  external  conditions  during  the  heat  treatments.  In  the  absence  of  evidence  for  the 
involvement  of  native  defects,  and  the  correlation  with  Oj  reorientation  rates  derived  from  internal 
friction  measurements  [3]  in  the  same  temperature  range  and  measurements  at  much  lower 
temperatures  (T<400“C)  of  the  rate  of  loss  of  stress-induced  dichroism  in  the  9/rm-band  [4],  the 
meehanism  was  concluded  to  be  hopping  of  Oj  between  adjacent  interstitial  sites. 

During  anneals  of  as-grown  material  at  such  high  temperatures,  the  concentration  of  isolated  oxygen 
atoms  ([Oj])  decreases  and  precipitate  sizes  on  average  increase  at  rates  corresponding  to  those 
expected  for  the  arrival  rate  of  Oj  to  the  precipitate  interface.  The  implied  values  of  are  in 
agreement  with  measurements  [1].  It  has  been  argued  that  this  precipitate  growth  could  not  occur 
unless  the  large  local  increase  in  strain  were  efficiently  relieved  in  some  way  [5] .  The  observation 
of  disloeation  loops  and/or  staeking  faults  in  annealed  samples  have  been  attributed  to  the  elustering 
of  self-interstitial  (I)  atoms  ejeeted  by  the  precipitates  [6].  As-grown  material  can  contain  significant 
concentrations  (~  lO’^cm'^)  of  nueleii  for  precipitation  which  form  during  cooling  of  the  growing 
crystal.  A  high  temperature  (>900°C)  dissolution  treatment  of  samples  is  usually  a  prerequisite  for 
elear  monitoring  of  the  nucleation  stage  [7].  The  rate  at  which  nueleii  form  is  significant  at 
temperatures  below  700°C.  In  contrast  to  predictions  of  classical  nucleation  theory,  two  optimum 
temperatures  for  nucleation  were  observed  at  ~650®C  and  ~500“C  [8]. 
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Extrapolation  of  the  high  temperature  measurements  of  implies  that  corresponding  out-diffusion 
measurements  should  not  be  feasible  for  reasonable  anneal  times  at  T<700°C.  Surprisingly,  such 
measurements  have  been  reported  which  indicate  enormous  enhancements  of  (by  factors  of  up 
to  10’  at  450“C).  The  earliest  work  [9]  revealed  widely  varying  effective  values  which,  although 
always  unexpectedly  large,  did  not  change  systematically  with  anneal  temperamre  (550<T<700°C), 
[Oj]  in  the  bulk  or  crystallographic  orientation  of  the  surface.  Systematic  variations  of  the  effective 
value  of  D„,  with  changes  of  [Oj]  and  anneal  time  were  recently  reported  for  anneals  at  450“C  [10], 
however  the  temporal  variation  is  so  strong  that  it  is  unclear  whether  the  profile  changed  significantly 
during  the  heat  treatments.  Other  work  [11]  provided  evidence  that  the  enhanced  out-diffusion  rates 
are  associated  with  high  concentrations  of  carbon  ([CJ  >  10'’cm  in  the  crystal.  These  data  provide 
the  most  reliable  evidence  that  D„„y  may  be  greatly  enhanced  (at  least  in  the  near  surface  regions)  but 
given  the  inconsistencies  it  is  difficult  to  conclude  that  long  range  diffusion  in  the  bulk  is  enhanced 
to  the  extent  implied  during  precipitate  nucleation. 


Donor  defects  form  during  anneals  over  the  entire  range  of  temperateres  for  which  precipitate 
nucleation  is  significant  [12]:  shallow  single  donors  and  normal  double  thermal  donors  (TDs)  [13] 
tend  to  predominate  at  higher  and  lower  temperateres  respectively.  In  fact,  previously  formed  TDs 
(470°C)  have  been  found  to  first  anneal  and  then  reform  [14]  during  isothermal  anneals  at  620°C. 
From  a  technological  point  of  view,  TDs  are  of  little  direct  importance  but  identification  of  the 
process(es)  involved  in  their  formation  would  provide  valuable  information  about  precipitate 
nucleation,  particularly  at  low  temperateres  (T~500“C). 


Information  derived  from  the  study  of 
defect  formation. 

During  the  early  stages  of  low  temperature 
(T<500°C)  anneals,  a  family  of  TDs  form 
serially  [13]  and  vibrational  infrared  (IR) 
absorption  has  been  observed  which 
appears  to  arise  from  0  present  in  other 
unidentified  defects  [15].  In  particular, 
two  IR  absorption  bands  at  1012  and 
1006cm'  seem  to  arise  from  nucleii 
neeessary  for  TD  formation  (Fig.  1).  The 
existence  of  such  nucleii  had  previously 


ANNEAL  TIME  @  390  °C  (hrs) 


been  deduced  from  a  systematic  study  of  Figure  l.  Evolution  of  defect  concentrations  during  an  isothermal 
donor  formation  kinetics  [16].  The  annual  of  as-grown  material  (Ref.  15). 


incorporation  of  O  in  the  core  of  the  TDs 

has  been  established  [17],  and  the  discrete  reductions  of  ionization  energy  with  increasing  index 
along  the  series  is  eonsistent  with  the  successive  incorporation  of  additional  atoms.  The  implied 
attachment  rates  of  this  entity  have  long  been  known  to  be  much  greater  than  those  expected  for  die 
arrival  of  randomly  diffusing  Oj  in  a  dilute  solution.  Depending  on  initial  assumptions,  resolution 
of  this  discrepaney  has  been  suggested  to  indicate  either  that  the  added  atoms  are  native  defects  rather 
than  0-atoms  or  that  the  reaetion  rates  associated  with  0-elustering  are  anomalous.  Conclusive 
struetural  identification  of  even  the  electrically  active  core  of  TDs  has  proved  difficult,  and  the 
debate  has  beeome  centered  on  whether  [18]  or  not  [19]  an  additional  I-atom  is  involved. 


Information  derived  from  [OJ-loss  measurements. 

The  rates  at  which  absorption  in  the  9/im  band  decreased  during  the  anneals  implied  the  loss  of  on 
average  - 10  0;  atoms  per  TD  formed.  At  the  lowest  temperatures  (T<400“C),  the  rates  increased 
in  proportion  to  [OJ’  in  different  samples  and  varied  only  slightly  (by  a  factor  of  -3)  with 
increasing  anneal  time  [20].  The  process  was  accelerated  in  samples  which  had  been  heated 
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previously  in  H2(g)  and  the  larger  diffusion  rates  were  consistent  with  measured  enhancements  of  the 
rates  of  reorientation  of  Oj  in  similarly  treated  material.  On  the  basis  of  a  uniform  distribution  of 
atoms  and  relatively  insignificant  concentration  of  additional  sinks,  the  obvious  interpretation  would 
be  that  the  rate  of  the  process  is  controlled  by  that  of  interaction  of  two  randomly  diffusing  Oj 
(d[OJ/dt=-2kf[Oi]^).  For  a  reasonable  choice  of  capmre  radius  (rc=5A),  the  implied  values  of 
(=k/47trj  are  close  to  an  interpolation  of  measurements  and  values  derived  from  the  Oj  reorientation 
rates  at  higher  and  lower  temperatures  respectively.  The  different  time  scales  of  reorientation  and 
[Oi]-loss  would  be  explained  simply  by  their  being  first  and  second  order  reactions,  respectively. 
Consideration  of  the  whole  serial  reaction  with  similar  rate  coefficients  for  each  step  would  lead  to 
the  conclusion  that  [OJ-loss  should  cause  increases  of  mainly  [Oj]. 

The  kinetics  of  [OJ-loss  during  anneals  at  moderately  higher  temperamres,  while  remaining  fairly 
uniform  with  increasing  anneal  time,  are  less  than  are  implied  by  an  exptrapolation  (E3=2.53eV) 
of  the  lower  temperature  data.  Their  dependence  on  [OJ*  varied  such  that  x  increased  from  2  to 
values  of  up  to  8  at  SOOT.  The  changes  indicate  the  increasing  effect  of  back  reactions,  but  no  way 
has  been  found  to  account  for  the  observations  by  assuming  that  dimers  dissociated  if  these  defects 
would  otherwise  accumulate  in  the  crystal  during  the  anneals.  Uniform  reductions  with  anneal  time 
require  that  the  concentration  of  the  dissociating  cluster  is  already  close  to  steady  state  with  respeet 
to  [OJ  as  a  result  of  some  other  reaction.  The  fact  that  no  loss  of  [OJ  is  detectable  before  sueh 
reductions  become  evident  would  imply  that  this  other  process(es)  is  much  faster  (by  a  factor  of 
>  100)  than  the  rate  at  which  0,  in  a  dilute  solution  would  be  expected  to  diffuse  to  the  dimer.  Most 
importantly,  explanation  of  the  measured  increases  in  order  (x)  of  the  reaction  requires  that  the  fast 
process(es)  involves  further  0  atoms.  Specifically,  if  the  formation  of  some  large  cluster  (0^) 
occurred  rapidly  following  dimer  formation  then  the  increasing  competition  between  dissociation  and 
this  transformation  would  cause  the  order  to  vary  firom  x=2  to  N/2  when  the  two  processes  were 
balanced  and  finally  to  n=N  when  the  rate  of  dissociation  greatly  exceeded  that  of  the  transfer  of  0 
from  O2  to  0^.  Thus,  the  observed  kinetics  of  [OJ-loss  could  be  explained  if  Og  were  forming 
rapidly  following  dimerization  over  the  whole  range  of  temperatures  (Ts500°C)  while  the  relative 
contribution  of  dissociation  tended  to  be  insignificant  at  temperatures  at  or  below  400°C.  In  other 
words,  the  kinetics  of  [OJ-loss  imply  that  pairing  of  atoms  is  the  rate  limiting  step  in  the  formation 
of  much  larger  0-clusters,  a  conclusion  that  would  be  consistent  with  the  view  that  the  various  TDN 
are  distinguished  by  their  incorporation  of  different  numbers  of  0-atoms. 

Modeling  investigations. 

The  implication  that  the  kinetics  of  0-clustering  are  anomalous  leads  to  obvious  problems  in  deciding 
what  can  be  assumed  initially  in  a  realistic  model.  This  choice  inevitably  will  influence  conclusions 
about  what  gives  rise  to  the  unexpected  behavior.  Since  the  rate  of  loss  of  [OJ  is  close  to  the 
expected  arrival  rate  of  Oj  at  another  such  atom  in  a  dilute  solution,  subsequent  clustering  reactions 
would  have  to  be  much  faster  than  expected.  While  it  seems  difficult  to  justify  values  of  rj,>  SOOA 
for  the  capture  of  neutral  0,  by  O2,  it  has  been  argued  that  measurements  of  out-diffusion  at  low 
temperatures  provide  evidence  that  Oj  can  diffuse  rapidly  [21]. 

O;  clustering. 

The  observed  kinetics  of  d[OJ/dt  for  400<T<500”C  could  be  explained  entirely  by  dissociation  of 
O2,  if  the  dimer  otherwise  diffused  rapidly  and  reversibly  combined  with  0„  (n<  5)  as  an  entity  [22]. 
The  simple  assumption  that  O2  did  not  form  a  stable  complex  on  interaction  with  0,  would  ensure 
that  the  dimers  formed  faster  than  they  were  trapped  and  a  large  flux  of  O2  generally  would  give  rise 
to  the  rapid  and  independent  evolution  of  two  series  of  clusters  consisting  of  odd  and  even  numbers 
of  0-atoms.  The  assumption  that  dissociation  rates  decreased  uniformly  with  increasing  cluster  size 
(where  dissociation  would  have  to  involve  the  release  of  Oj  rather  than  0|  to  avoid  large  reductions 
in  the  rate  of  [OJ-loss  at  low  temperamres)  would  favor  the  dominance  of  the  odd-numbered  series. 
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Ufloj) 

♦ 


possibly  related  to  TDs.  Two  additional  assumptions  UdoJ)  '  45o‘‘c 

were  required  to  emulate  the  evolution  of  ^  ^  {maxlt®?!) 
defect  concentrations,  exposing  weaknesses  in  this  type 

of  explanation.  The  first  was  that  r^  for  capmre  of  Oj  by  ^  - - - - ! 

the  large  stable  clusters  (taken  to  correspond  to  TDl-3)  _ 

decreased  with  increasing  size,  so  having  envoked  rapid  — 

diffusion  of  Oj  to  greatly  increase  forward  rates,  these  ^  ^ 

rates  are  then  supposed  to  slow  during  clustering.  The  ^  o  ^  ^  ^ 

variation  is  contrary  to  reasonable  expectation  for  the  1  390°C  E.(Doj)=2.iev- 

capture  of  Oj-atoms  by  clusters  of  increasing  size.  The  \.  ^  Jev 

second  weakness  arose  in  an  attempt  to  correlate  the  TD-  “  T 

nuclei!  with  smaller  unstable  clusters  (O3  and  O5)  by  .§ 

deliberate  choice  of  initial  concentrations.  It  was  not  .g  ^ 

possible  to  reproduce  the  observation  that  the  time  g  m«  ■! 

required  for  absorption  in  the  1006cm  '  band  to  reach  a  g  ^  ^ _ -  —  •  •  *  ^ 

steady  state  value  was  longer  than  that  for  [TDl]  (Fig.  1  t^ao,i))  '  '  E,(oj=-2.53ev  (n>2)' 

2a).  The  simulated  steady  state  values  for  [O3]  and  [O5] 

at  low  temperatures  (no  dissociation)  varied  in  ‘maxlIOsl) 

proportion  to  [OJ‘  ^  and  [OJ'  ’respectively,  whereas  the  '  * 

absorption  in  1012  and  1006cm  ‘  bands  in  spectra  of  as- 

grown  material  [15]  were  almost  direct  proportional  to  '^^00°°°°^°^. . 

[Oj].  A  proportional  dependence  of  cluster  ^  8?:^!!!!!!! . . . 

concentrations  with  [0,]  and  rapid  arrival  of  Oj  to  them  ^ 

could  consistently  be  explained  if  a  barrier  existed  which  Anneal  time  (h) 

reduced  the  rate  of  the  reaction  between  Oj  and  Oj  but  jrjgm.g  j  variations  in  concentration  of  0- 
was  smaller  or  absent  for  the  corresponding  reactions  cjyjters  with  increasing  anneal  time  for  various 
between  O2  and  O3  and  between  two  0|S.  However,  the  serial  reactions.  The  reversible  clustering  of 
step-like  variation  of  splitting  of  electronic  absorption  rapidly  diffusing  dimers  (a),  rapid  diffusion  of 
lines  (2p±)  with  increasing  index  in  the  TDN  series  [13]  O2.  O3  an<l  O4  (b)  and  the  latter  with  the  further 

»,gges,s  5.e  addition  of  single  atoms  a,  eacl.  sntge  rathe,  “Sir  “  SSS  Z  am,., 
than  pairs,  and  there  is  no  evidence  that  concentrations  jjjjjggjg  times  at  which  maxima  are  established, 
of  intermediate  clusters  (even  numbered  ones)  are 
detected  during  the  annealing  of  TDN  at  higher  temperatures. 


UaOd'l) 


E(OJ=-2.53eV  (n>2)- 
E,„{0,l)=-2.35eV 

Ea.<Osl)=-2-‘®=V 

uaoj) 


50  100 

Anneal  time  (h) 


Rapid  reaction  between  0„  and  Ot. 

An  alternative  explanation  would  be  to  suppose  that  all  forward  reactions  in  the  serial  reaction 
proceeded  faster  than  that  expected  for  the  arrival  of  Oj.  In  order  to  account  for  the  reverse  reactions 
which  become  apparent  at  T>  WC,  dissociation  of  clusters  containing  up  to  8  0-atoms  would  then 
have  to  be  coupled,  i.e.,  the  respective  forward  and  reverse  rates  would  have  to  vary  proportionally. 
Evolution  of  the  first  three  members  of  the  TD-series  appears  to  be  modified  by  back  reactions  in 


the  same  temperature  range  (T>427°C)  [16]  as  that  implied  by  measurements  of  [Oi]-loss.  Their 
effect  was  most  pronounced  in  material  with  relatively  low  values  of  [Oj],  consistent  with  attributing 
these  TDs  to  the  smaller  unstable  clusters.  If  0-clusters  reacted  rapidly  and  irreversibly  with  Oj  at 


low  temperamres,  their  steady  state  concentrations  would  be  expected  to  vary  in  proportion  to  [Oj] . 
On  the  other  hand,  the  efficient  trapping  of  0„  by  Oj  would  imply  that,  even  if  the  elusters  diffused 
rapidly,  the  arrival  rate  of  both  0„  and  Oj  to  any  other  defect  would  be  similar.  Thus,  rapid 
evolution  of  an  extended  series  of  0-clusters  would  require  that  each  and  every  corresponding 
forward  rate  were  somehow  faster  than  expected.  Simply  varying  the  forward  reaction  rates  in  this 
way  cannot  explain  the  longer  time  taken  for  the  absorption  strength  in  the  1006cm  '  band  to  reach 
steady  state  relative  to  that  for  TDl  (Fig.  2b),  a  limitation  inherent  to  any  serial  reaetion.  In  other 
words,  if  TDl  is  converted  to  TD2  by  the  addition  of  an  Oj  atom,  then  the  same  process  cannot  be 
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expected  to  account  for  the  distinction  between  1006cni  ‘  and  TDl .  One  way  to  resolve  this  problem 
is  to  suppose  that  the  internal  strain  in  the  cluster  giving  rise  to  1006cm  '  IR  absorption  band  is 
sufficient  to  eject  an  I-atom  and  that  TDs  1  and  2  are  the  result  of  I-decoration  of  the  clusters  giving 
rise  to  1012  and  1006cm  '  bands  (Fig.  2c).  This  model  agrees  with  one  proposed  identification  of 
the  TD  core  [18]  and  with  the  loss  of  one  atom  at  the  rate  of  between  2  and  3  atoms  during 
corresponding  anneals  of  highly  carbon  doped  material  [23] .  While  the  absence  of  evidence  to 
support  the  formation  of  O3V  is  at  odds  with  this  explanation,  the  underlying  problem  is  that 
envoking  I-ejection  in  this  way  does  not  account  for  the  rapid  arrival  of  O  to  the  defects 
(undecorated  dimer  and  trimers  were  supposed  to  diffuse  rapidly  in  the  simulation  shown  in  Fig.2c). 
On  the  other  hand,  it  has  often  been  speculated  that  I-atoms  might  play  some  role  in  explaining  the 
rapid  arrival  of  O  to  TDs. 


I  catalysed  diffusion  of  O,.  (n>1)  0„>0„V+l  (n=2,3) 

If  a  catalyst  were  released  during  O-  ("^3) 

clustering  which  greatly  enhanced  the  - ^ 

forward  reaction  rates,  uniform  rates  of  — — . — — — — 

[OJ-loss  would  not  be  expected  in  general.  ^  o  10'“  ;  j  ^  ^  ; 

However,  this  contradiction  with  I  ^ [•^•**^I^***!  — ‘ 

observation  can  be  avoided  under  restricted  f «»?***  ■  r—r-r,  - - - 

conditions.  If  Oj  both  ejected  and  trapped  §  g  ^  /[oj  .*  [o^vito^i)  [ovitov] 

a  rapidly  diffusing  I-atom,  then  the  o  »  /  .*  o  “  o 

dominant  defects  formed  during  the  anneal  §  2  7  •*  iio„ii; 

would  be  [Ojl]  and  [OjV],  while  [I]  would  0  - — »»!«l  ?•!  I  >  ■< 

tend  to  a  steady-state  value  independent  of  2A  J  J 

[0|]  and  given  by  the  rate  of  its  ejection  by  ^ 

O2.  By  setting  the  latter  rate  to  be  the  ~  ^y'^ 

same  as  that  of  0;  hopping,  the  assumption  ....  y . - ■  ■  ■ 

that  the  transient  interaction  of  an  I-atom  ^  10^  isJPl  . .  • 

with  Oj  caused  a  single  diffusion  jump  ^  "Iw  lor* 

would  ensure  that  both  normal  and  _ '' 

catalyzed  hops  would  occur  at  the  same  <  0  T6r20o"30Do  " 'ibo'  2oo"J!>  '  ibo'  zbo'  sbc 

rates  (Fig.  3b).  The  alternative  assumption  Anneal  time  @  450°C  (h) 

that  Ojl  defects  were  unstable  and  that  they 

dissociated  by  releasing  20;  and  an  I-atom  Simulation  of  the  simplest  serial  reaction  of  0- 

-  -  ,  ,  ‘  ,  ,  ^  clustenng  (a),  I-atom  release  and  capture  by  clusters  with 

would  ensure  that  the  rate  of  catalyzed  O;  (b)  and  similarly  catalyzed  dissociation  of  0„  (c). 

hopping  increased  dramatically  while  the 

balanced  catalysis  of  Oj  dissociation  would  maintain  the  overall  rate  of  loss  of  [OJ  (second  order 
included).  The  rate  of  OpO;  interaction  would  then  be  much  greater  than  that  of  [OJ-loss.  The 
catalyzed  diffusion  of  O;  to  0„V  and  0„I  (n>  1)  would  cause  the  number  of  0;  atoms  per  unit  time 
to  increase  during  the  anneals,  but  this  can  be  stabilized  by  allowing  the  I-atom  to  recombine  with 
some  0„V  larger  than  OjV  (e.g.  O4V  in  the  simulation  shown  in  Fig.  3c).  Unfortunately,  a  low  rate 
of  recombination  of  I  with  OjV  turns  out  to  be  critical  to  the  emulation  of  the  [OJ-measurements  at 
low  temperatures.  The  rate  of  [OJ-loss  is  reduced  by  increasing  the  probability  (P>  10  '')  of  this 
recombination  and  the  reduced  rate  would  tend  to  a  dependency  on  [OJ^.  This  gives  rise  to  two 
obvious  problems.  First,  treatments  at  temperatures  at  which  such  clustering  would  occur  usually 
precede  lower  temperature  anneals  during  which  the  loss  of  stress-induced  dichroism  is  measured 
and,  if  a  catalyst  were  accumulating  in  the  crystal  or  condensing  into  some  weakly  bound  complex 
during  cooling,  greatly  enhanced  rates  of  0;  reorientation  would  be  expected  but  are  not  observed. 
Second,  OjV  which  is  believed  to  give  rise  to  an  IR  absorption  band  at  889cm  '  [24]  is  not  detected 
following  anneals  of  unirradiated  material.  Many  variations  of  this  model  were  investigated 
including  assumptions  that  only  clusters  larger  than  O2  ejected  an  I-atom,  and  that  O2V  dissociated 
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so  catalysis  of  by  V  occurred.  In  spite  of  these  efforts,  no  other  way  was  found  that  catalysis 
could  account  for  the  uniformity  of  the  rates  of  [OJ-loss  revealed  by  the  measurements. 

T-Oj  pair  diffusion. 

The  simplest  way  to  emulate  the  observed  kinetics  of  [OJ-loss  remains  to  assume  that  they  are 
controlled  by  the  rate  of  Oj-O;  interaction  and  that  is  normal.  It  is  possible  that  a  subsequent 
reaction  between  I  and  Oj  causes  the  redistribution  of  0  via  a  rapidly  diffusing  I-Oj  pair.  This  would 
be  significant  if  Oj  caused  the  ejection  and  mainly  [O3I]  and  [O2V]  would  be  the  predominant  defects 
formed.  The  absence  of  evidence  for  the  latter  defect  would  therefore  remain  a  problem.  Similar 
dissociative  release  of  01  along  the  0„I  series  would  result  in  dramatically  decreasing  concentrations 
of  0„I  with  increasing  I  and  would  merely  change  the  number  of  0-atoms  in  the  0„I  defect  which 
predominated.  In  fact,  the  difference  between  the  underlying  rates  of  formation  of  O2  and  0„  (n>  2) 
are  accentuated  by  the  assumed  mechanism  so  that  a  serial  reaction  generally  would  not  be  expected. 
If  the  first  cluster  assumed  to  eject  the  I-atom  were  larger  than  Oj,  the  catalytic  process  would  be 
insignificant,  since  I-generation  would  be  much  slower  than  that  of  Oj.  It  might  be  argued  that  I-Oj 
reacted  only  with  0„V,  to  explain  the  absence  of  absorption  due  to  the  latter  defect. 

V-On  diffusion. 

The  problems  associated  with  the  absence  of  absorption  bands  attributed  to  O2V,  or  O3V  in  the 
spectra  of  annealed  material  can  be  avoided  conveniently  if  these  defects  are  supposed  to  diffuse 
rapidly.  Conversion  of  OjV  to  O3V  has  been  proposed  to  account  for  the  exchange  of  absorption 
among  different  IR  bands  in  the  spectra  of  irradiated  material  during  anneals  at  ~475°C  [24]. 
Supposing  the  transformation  occurred  by  diffusion  of  OjV,  the  implied  barrier  to  diffusion  would 
be  only  2eV  for  the  same  prefactor  as  that  for  Oj  diffusion.  Rapid  conversion  of  Oj  to  O3  could  be 
explained  in  this  way  without  implying  that  [OjV]  should  be  greater  than  the  IR  detection  limit,  if 
both  defects  ejected  I-atoms  at  relatively  slow  rates.  However,  it  would  be  difficult  to  account  for 
the  observed  evolution  of  defect  concentrations  with  increasing  anneal  time  if  TDN  corresponded  to 
relatively  unstable  0„1  complexes  (Fig.  2c)  without  implying  that  [O2V]  >  [Ojl]  at  some  stage. 

A  harrier  to  O.  formation. 

Assuming  that  dimers  are  formed  at  the  expected  rate  implies  that  subsequent  reactions  are 
anomalously  fast.  Yet  the  only  defect  whose  steady  state  concentration  clearly  increases  with 
increasing  temperature  in  the  temperature  range  below  450'’C  is  that  which  gives  rise  to  the  1012cm 
absorption  band  [15],  apparently  the  first  cluster  formed.  Even  if  the  transformations  of  subsequent 
defects  occurred  faster  than  the  underlying  rate  limitation,  there  is  no  evidence  that  differences 
between  the  relative  rates  correspond  to  changes  of  activation  energies:  the  measured  relatiye 
concentrations  of  individual  [TDN]  for  N>2  did  not  change  in  material  with  high  [OJ  annealed  over 
a  wide  range  of  ternperamres  (395<T<490'’C)  [25].  Evidence  that  the  concentrations  of  defects 
which  give  rise  to  the  1012  and  1006cm  '  bands  in  as-grown  material  are  proportional  to  [OJ  raises 
doubts  about  the  conclusion  that  the  rate  of  [OJ-loss  is  that  of  Oj-Oj  interaction  [20] .  Second  order 
kinetics  would  be  equally  consistent  with  the  loss  of  a  large  fraction  of  [OJ  directly  to  these  defects 
rather  than  to  other  0;  atoms.  Inversely,  steady  state  concentrations  of  clusters  would  be  expected 
to  vary  proportionally  with  [OJ  provided  they  trapped  an  Oj  faster  than  they  dissociated  in  the  range 
of  ternperamres  over  which  their  concentrations  were  established.  In  the  same  temperamre  range  at 
which  back  reactions  are  apparentiy  significant  (T>400‘’C),  TDN  (N  >  3)  have  been  found  to  realign 
at  rates  smaller  than  that  for  Oj  but  with  similar  activation  energies  [26]  and  it  was  argued  that  the 
reorientation  rate  was  limited  by  the  diffusion  of  nearby  0-atoms.  If  such  motion  occurred  entirely 
within  the  donor  complex  then  the  process  would  be  irrelevant  to  the  0-agglomeration  puzzle,  unless 
reorientation  corresponded  to  enormous  diffusion  jumps  of  the  whole  defect.  However,  the  motion 
may  involve  atoms  which  would  otherwise  give  rise  to  absorption  at  9/tm  so  that  these  diffusion  steps 
would  be  equivalent  to  forward  and  reverse  reactions,  consistent  with  cluster  instability  at  these 
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temperatures.  If  the  rates  of  OfO,  interaction  were  much 
greater  than  those  of  [OJ-loss,  then  rather  than  implying  that 
reactions  leading  to  formation  of  0„(n>2)  were  faster  than 
expeeted,  the  conclusion  would  be  that  dimer  formation  was 
relatively  slow.  It  has  been  argued  that  both  strain  and 
Coulombic  interactions  between  two  Oj-atoms  would  cause 
them  to  repel  each  other  [27] .  Of  course  the  problem  then 
would  be  to  account  for  the  large  rates  of  0,-0;  interaction 
relative  to  those  expected  on  the  basis  of  random  diffusion  in 
a  dilute  solution.  As  described  above,  an  explanation  in  ^ 
terms  of  catalytic  reactions  was  found  to  be  inconsistent  with 
observations.  If  0-atoms  were  confined  to  small  volumes  “ 
within  which  their  concentration  was  uniform  and  they 
diffused  randomly,  a  local  concentration  greater  than  the 
average  by  a  factor  of  50  and  a  correspondingly  reduced 
probability  of  dimer  formation  leads  to  rapid  evolution  of  a  ^  (h) 

series  of  0-clusters  while  the  implied  average  rates  of  [Oi]-  pjguj-e  4.  Effect  of  spatial  correlation  of  O- 
loss  were  similar  to  those  measured  (Fig.  4).  atoms  causing  a  local  increase  in 

concentration  by  a  factor  of  50  with  a 
Discussion  and  Conclusions.  reduction  in  probability  that  0^ 

Variations  in  dependence  of  the  average  rate  of  [OJ-loss  on  of  0^-0^  interaction 

average  concentration  indicate  that  pairing  is  the  slowest  step  in  the  formation  of  clusters  with  larger 
numbers  of  0-atoms.  Since  the  absolute  rates  are  close  to  those  expected  for  0  -0,  interaction  in  a 
dilute  solution,  it  would  seem  reasonable  to  suppose  that  subsequent  reactions  were  anomalously 
fast.  If  O2  diffused  rapidly,  the  behavior  could  be  accounted  for  in  principle,  but  while 
proportionality  between  defect  concentrations  and  [OJ  would  be  expected  if  the  dimers  reacted  with 
Oj,  this  same  reaction  would  not,  in  general,  lead  to  the  rapid  evolution  of  a  series  of  clusters  with 
larger  numbers  (n>  3)  of  0-atoms.  If  clusters  ejected  I-atoms  which  then  decorated  others,  some 
explanation  for  the  observed  evolution  of  defect  concentrations  [15]  would  be  provided,  but  no  way 
was  found  that  I-atom  interactions  with  either  Oj  or  Oj  could  account  for  the  relatively  fast  arrival 
of  Oj  necessary  for  rapid  formation  of  large  clusters  (n>  3)  without  contradicting  other  experimental 
observations.  The  observed  temperature  dependence  of  the  steady  state  absorption  in  the  1012cm'^ 
band  and  rapid  evolution  of  a  series  of  0-clusters  would  most  naturally  be  explained,  if  a  barrier 
existed  to  the  first  stage  of  clustering.  The  observation  of  back  reactions  in  TDN  evolution  and 
realignment  of  TDN(N  >  3)  [26]  in  the  same  temperature  range  as  that  in  which  clusters  smaller  than 
Og  seem  to  be  unstable,  suggest  that  a  reversible  exchange  occurs  between  atoms  in  the  matrix  (Oj) 
and  those  in  the  defect.  If  these  reactions  accounted  for  a  large  fraction  of  the  [OJ-loss,  the 
measured  rates  of  [OJ-loss  at  low  temperatures  would  then  have  to  be  significantly  slower  than  the 
average  rate  of  Oj-Oj  interaction  and  the  observed  correlation  between  d[OJ/dt  and  Oj-reorientation 
kinetics,  would  restrict  the  potential  explanation  to  a)  a  much  larger  diffusion  jump  distance  than  the 
nearest  neighbor  separation,  b)  a  large  radius  for  capture  of  Oj  by  0„  and/or  c)  a  spatially  correlated 
distribution  of  Oj.  The  possibility  that  Oj  and  0„  kick-out  I-atoms  and  rapid  diffusion  of  0„V  occurs 
is  difficult  to  rule  out,  particularly  given  the  Coulombic  attraction  which  can  be  expected  between 
OV"  and  donors.  Unlike  the  assumption  that  O2  diffused  rapidly,  such  an  explanation  would  be 
supported  by  the  observed  fast  evolution  of  0„V  clusters  during  anneals  of  irradiated  material  [24]. 
But  a  much  simpler  explanation  can  be  provided  if  the  assumption  of  a  dilute  solution  is  discarded. 
Correlated  concentration  fluctuations,  the  potential  importance  of  which  has  already  been  emphasized 
[28,29],  could  account  for  the  rapid  evolution  without  implying  that  was  greatly  affected, 
provided  that  they  were  sufficiently  large  (A[OJ  greater  than  one  order  of  magnitude  and  >40%  of 
the  atoms  in  the  enriched  areas).  The  short  durations  of  effects  of  high  temperature  pretreatments 
(~30h  at  427“C  [16]),  would  then  imply  that  the  ‘clouds’  were  not  removed  by  the  pretreatment. 
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or  that  they  reformed  rapidly  (T>  800“C)  during  cooling.  If  such  fluctuations  were  present  then  the 
kinetics  of  [OJ-loss  would  depend  not  only  on  but  on  their  average  concentration  and  spatial 
dimensions.  The  observed  tendency  for  the  number  of  Oj-atoms  lost  per  unit  time  to  increase  in  the 
simulation  (Fig.  4)  could  be  compensated  by  the  depletion  of  [OJ  in  the  clouds,  an  effect  not 
considered  in  this  simulation  and  likely  to  be  particularly  important  if  the  number  of  atoms  in  the 
fluctuations  is  small  (~50  atoms),  similarly  the  decreasing  reaction  rates  along  the  TD  series  might 
be  accounted  for.  In  summary,  the  kinetics  of  [OJ-loss  indicate  that  dimerization  is  the  slowest  step 
in  the  formation  of  much  larger  clusters  but  the  implication  that  reaction  rates  lead  to  steady  state 
concentrations  which  vary  in  proportion  to  [OJ  leads  to  difficulties  in  distinguishing  whether 
subsequent  reactions  are  much  faster  than  expected  or  that  the  pairing  step  is  slow.  No  reasonable 
way  has  been  found  to  explain  rapid  cluster  evolution  in  a  dilute  solution  by  envoking  reactions  with 
interstitials,  even  if  they  are  ejected  by  small  clusters.  Rapid  diffusion  of  clusters  (in  one  form  or 
other)  may  occur  although  there  is  no  evidence  that  such  rates  are  associated  with  low  activation 
energies.  If  the  solid  solution  is  composed  of  large  correlated  coneentration  fluctuations,  long-range 
D„,,y  need  not  be  significantly  enhanced. 
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Abstract.  For  temperatures  below  70  K,  we  measured  the  widths  of  the  absorption  lines  in  the 
1100-  and  30-cm'l  bands  of  oxygen  in  silicon.  Strong  temperature  dependences  of  the  line  widths 
observed  for  both  bands  were  ascribed  to  the  one-phonon  transitions  in  the  energy-level  ladders  of 
the30-cm-l  excitation  belonging  to  the  ground  and  first  excited  states  of  the  1100-cm-l  mode.  A 
formulation  was  given  to  the  interaction  between  the  two-dimensional  low-energy  anharmonic 
excitation  of  oxygen  and  the  phonons.  This  clarified  the  selection  rule  for  the  phonon  transitions, 
and  suggested  the  essential  phonon  transitions  for  the  observed  behavior  of  the  line  widths.  Origin 
for  the  extreme  narrowness  of  the  low-temperature  29.3-cm‘l  line  was  also  clarified. 


I.  Introduction 

The  bond-interstitial  oxygen  in  silicon,  the  Si-O-Si  center,  causes  the  absorption  bands  at  about  30 
and  1100  cm-1.  The  30-cm-l  band,  comprising  the  lines  at  29.3,  37.7,  43.3  and  48.6  cm-1,  is 
ascribed  to  the  two-dimensional  (2D)  low-energy  anharmonic  excitation  (LEAE)  due  to  bond- 
perpendicular  motion  of  the  oxygen  [1,  2].  The  llOO-cm'l  band,  having  three  lines  at  1136.4, 
1128.2,  and  1121.9  cm-1,  is  attributed  to  A2„  local  vibration  containing  the  bond-parallel  motion 
of  the  oxygen  [2].  Due  to  the  coupling  between  the  2D  LEAE  and  the  A2«  local  mode,  the  energy 
level  ladder  of  the  2D  LEAE  occurs  for  each  of  the  ground  and  the  first  excited  states  of  the  A2„ 
local  vibration  (Fig.  4(a)  of  [2]).  This  energy-level  scheme  well  explained  the  measured  energies 
and  intensities  of  these  lines  [2].  However,  the  strong  temperature  dependence  of  the  line  widths 
characteristic  of  these  absorptions  has  not  yet  been  described  theoretically.  Bosomworth  et  al.  [1] 
reported  that  the  width  of  the  29.3-cm-l  line  rapidly  increases  with  increasing  temperature  from 

I. 8  K  to  35  K.  Also  for  the  1100-cm-l  band,  similar  strong  temperature  dependence  of  the  line 
width  in  the  low-temperature  region  has  been  reported  [3].  It  attracts  much  interests  that  the  lines 
in  the  1100-cm-l  band,  completely  off-resonant  to  the  host  lattice  phonons,  have  the  temperature- 
dependent  widths  similar  to  that  of  the  29.3-cm-l  resonance  line. 

The  purpose  of  this  papjer  is  to  clarify  the  physical  mechanism  that  causes  these  temperature 
dependences  of  the  line  widths.  Constructing  a  model  Hamiltonian,  we  quantitatively  describe  the 
temperature  dependences  of  the  line  widths.  Since  available  experimental  data  are  insufficient,  we 
first  measure  temperature  dependence  of  the  line  widths  for  the  30-  and  1 100-cm-l  bands. 

II.  Experiment 

Temperature  dependence  of  the  full  width  at  half  maximum  (FWHM)  of  the  lines  in  the  1 100-  and 
30-cm-l  bands  were  measured  with  the  maximum  resolutions  of  0.1  cm-1  and  0.01  cm-1, 
respectively.  Figure  1  is  the  spectrum  of  the  30-cm-l  band.  All  lines  in  the  30-  and  1 100-cm-l 
bands  were  well  fitted  by  Lorentzian  curves.  The  results  of  measurement  are  plotted  in  Fig.  2.  The 
FWHM  of  each  line  in  both  bands  exhibits  strong  temperature  dependence.  The  FWHM  of  the 
29.3-cm-l  line  was  0.09  cm-1  at  7  K,  which  is  much  smaller  than  the  value  0.2  cm-1  obtained  by 
Bosomworth  et  al.  [1]  with  a  resolution  of  0.2  cm-l.  At  low  enough  temperatures,  the  FWHM  of 
the  29.3-cm-l  line  is  narrower  by  far  than  the  other  lines  in  the  both  bands. 
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HG.  1.  The  30-cm‘l  absorption  band 
measured  at  37  K  for  the  oxygen 
concentration  of  34.3  ppm  and  the  sample 
thickness  of  20  mm. 


HG.  2.  Temperature  dependence  of  the  widths 
of  the  absorption  lines  in  the  30-  and  the  1 100- 
cm  -l  bands.  The  experimental  plots  and  the 
calculated  theoretical  curves  are  shown. 


III.  Model 

We  consider  a  silicon  crystal  containing  a  single  Si-O-Si  center.  As  the  origin  of  the  atomic 
displacements,  we  take  the  atomic  configuration  with  the  potential  energy  minimized  under  the 
D^d  symmetry,  where  the  oxygen  is  at  the  center  of  symmetry  forming  linear  Si-O-Si  unit.  Let  (x, 
y)  and  z  denote  the  bond-perpendicular  and  bond-parallel  displacements  of  the  oxygen, 
respectively,  and  qj  the  displacement  of  the  ^h  silicon  atom.  The  Taylor  expansion  of  the 
potential  energy  U{x,  y,  z,  qi,  q2,  •••)  can  be  generally  written  as 

U(x,y,z,qy  q^,  q^  ...)  =  V^{x,y  )  +  V{z,q^,  q^,qy  ...)  +  yAx,y:z  ,q^,qy  q^  ...)  .  (1) 

The  V2[){x,y)  is  the  potential  for  the  2D  LEAE  in  the  static  lattice.  The  last  term  is  regarded  as  the 
interaction  term  between  (x,y)  and  (z  ,  qi,  q2,  93,  •••)•  We  approximate  the  excitation  due  to  V{z  , 
Qh  92’  93>  •••)  as  a  system  of  harmonic  vibrations  dominated  by  the  potential  Vjj(z  ,  qi,  q2,  qs, 
From  the  experimental  fact  that  there  exists  the  1 100-cm-l  mode  localized  at  z  displacement  of  the 
oxygen,  we  assume  that  Vjj  produces  the  local  mode  responsible  for  the  1  lOO-cm’l  band,  i.e.,  the 
A2u  local  mode.  So  far  this  manner  of  treating  the  potential  energy  is  the  same  as  in  our  previous 
work  [2].  Here  we  further  assume  that  this  A2„  local  mode  is  completely  localized  at  the  oxygen. 
Thus,  the  V  in  (1)  is  expressed  as 

Viz^q^q^qy...)  ^V^iz  ,qyqyqy..:)^V^^p.)  +  V^{q^,qyqy...)  .  (2) 

The  Vp  is  regarded  as  the  potential  for  the  host-lattice  phonons  perturbed  by  the  presence  of  the 
oxygen.  The  interaction  term  in  (1)  can  be  generally  written  as 

W{x,y.z,q^,qyqy..)  =  W^^^^x,y.z)+W^J^x,y.qyqyqy...)  .  (3) 

Consequently,  the  potential  energy  U  is  approximated  as 

U  s  Vy^{x,y )  +  V^^iz)  +  Vp(9  p  ? 2,  qy  •.•)  +  J :  9  r  <72’  ^3’ 
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The  interaction  term  between  the  A2„  mode  and  the  other  phonons  is  absent  because  of  the 
harmonic  approximation,  V  s  Vjj.  Adding  the  kinetic  energy  ^2D+^A2u+^P  to  (4),  we  obtain  the 
total  Hamiltonian,  which  is  the  sum  of  the  following  second  quantized  Hamiltonians: 

^20  =  2  e.  a] a.  ,  =  ^  '  «  >< «'  .  ,  (5) 

j 

^2D-A2u='«><"  '  2  r.  a]  a.  ,  W^_^=  2  aja., 

J  J.j ' 

u*r) 

The  H2d,  and  //p  describe  the  2D  LEAE,  the  A2„  local  vibration  and  the  host  lattice 
phonons,  respectively.  The  label  j  is  the  abbreviation  of  the  labels  {k,  £)  that  we  used  previously 
to  specify  the  2D  L^E  eigenstates  [1]:  k  (=  0, 1, 2, ...  )  distinguishes  the  eigenstates  having  the 
same  angular  momentum  /  (  =  0,  ±1,  ±2,  ... ).  The  diagonal  interaction  terms  (j  =j  ' )  were 
neglected  in  W2D-P-  T^^e  A2„  local  mode  was  simplified  as  the  two-level  system  {  I  d >,  I  u>} 
with  the  energy  A  much  higher  than  the  maximum  phonon  energy. 


k.k 


jj'  ^k  ^ kkj'j 


>:) 


(6) 


IV.  Method  of  calculation 

For  now,  we  omit  the  index  A  .  The  problem  for  the  A2„-mode-coupled  2D  LEAE  is  already 
solved  since  its  Hamiltonian  is  diagonal  with  respect  to  {  I  d >1  y>  ,  I  m  >!_/  >  |  y  =  1, 2, 3, ...  }: 


^2D-A2u  “  -^20  ■*'^A2u  ^2I>A2u  ”  '  ^  '  ^2D  +  '  «  X  “  '  ^20 


"2D  ~  "2D 


^  ^  +  2  e!  a]  a 


t. 


‘2D 


J  J 


E,'  =e  .+r . 
J  J  J 


(7) 

(8) 


The  andi/2D^”^  8*''®  the  energy-level  ladders  \J  =  1, 2, ...  }  and  {A  +  ej'  \J  =1, 2, ...  } 
of  the  A2„-mode-coupled  2D  LEAE.  We  refer  to  the  states  belonging  to  the  former  and  the  latter 
energy-level  ladders  as  d-states  and  M-states,  respectively.  By  means  of  the  one-particle  retarded 
Green's  function,  we  calculate  how  the  phonon  coupling  h'2d  p  causes  finite  width  to  the  d-state 
energy  levels.  The  expression  for  widths  of  the  w-state  energy  levels  can  be  simply  obtained  by 
substituting  Sj  into  ej  in  the  resultant  expression  for  the  d-state  energy  levels.  The  density 
distribution  function  of  energy  level  for  the  state  I  d  >17  >  is  given  by 

pj,E)  =  (-  1  /.TT)  Im«a^.  ;  a]  - 

where  the  Heisenberg  operator  Ojit)  of  the  retarded  Green's  function 


«a 


a^.,» 

J  z 


s  -i  f  dt  e{t)  <{a  (t)  ,al}>, 

J  —00  J  J 


Im  z  >  0 


(10) 


is  driven  by  the  Hamiltonian  //2D(4)+Hp+lV2D_p.  (If  we  deal  with  the  M-state,  then  Uj  (t )  is  to  be 
driven  by  H2D(")+f^+W2D.p.)  Once  we  obtain  the  Green's  function  in  the  form 

^  (11) 


«a. 

J 


a!^» 

J  z 


z-e.-|,.(0  ’ 


then,  the  FWHM  of  the  density  distribution  function  of  energy  level  is  given  by  2  I  Im  {bj  +  i 
0+)  I.  We  adopted  the  equation  of  motion  method  (Eq.  (3.7)  of  [4])  to  calculate  the  Green's 
function.  Using  the  original  label  ( A ,  / ),  the  obtained  expression  for  the  FWHM  is  written  as: 


2 1  Im  I,  (  c. 


+  tO_^)l=  2  ^  ^ k  r.k'r' ^kr.k'r  ^ k 


k ,  e 

(*k',  e') 
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k  e,k' t 


(13) 


*  e.k'  e' 


s  2  JT  .  2 
k.k 


I  y  1^ 

’’kk.k  e.k'  (' 


^  k  (  k'{'  kk' 


(14) 


The  first  and  the  second  terms  on  the  right  side  of  (12)  are  interpreted  as  the  contributions  from 
the  one-phonon  emission  and  absorption  processes,  respectively.  In  fact,  by  the  first  order 
jjerturbation  theory,  we  can  show  that  (1  +  Pj j < )  Sjj  t  /  %  and  Pj'  j  ^  rates  of  the 

transition  I  y  >  “*  1 7  '  >  due  to  emission  and  absorption  of  a  phonon  in  thermal  equilibrium, 
respectively.  Therefore,  following  Weisskopf  and  Wigner  [5, 6],  we  calculate  here  the  width  Yjj' 
of  the  optical  absorption  line  due  to  the  transition  I  y  >  “*•  1 7  '  >  as  the  sum  of  the  FWHMs  for  the 
initial  state  I  y  >  and  the  final  state  |  y '  >  which  are  both  calculated  with  (12). 


V.  2D  LEAE-Phonon  Interaction 


We  assume  that  the  2D  LEAE  of  the  oxygen  interacts  only  with  the  two  adjacent  Si  atoms.  Then, 
the  interaction  W20.P  is  written  in  the  following  symmetrized  form: 


W 

2D^ 


(15) 


(x,y-{qj})  =  2  W^^(x,y)  , 

r.Y 

The  qpy  are  symmetrized  displacements  composed  of  the  displacements  of  two  adjacent  Si  atoms, 
which  are  shown  in  Fig.  3.  The  lowest  order  terms  of  the  interaction  potential  Wfy  are  written  as 

2  (16) 

(17) 


^Alg 


=  =  )=  c^^rSin20.  (18) 

Eu  Eg 


w 


^2u 


<  111  > 


Si  1 

1 

jf 

jf 

HG.  3.  Symmetrized  displacements 

w 

composed  of  the  displacements  of  the 
nearest  neighbor  silicon  atoms.  The 

0  ^ 

0 

6 

6 

corresponding  irreducible 
representations  and  the  potential 

sA 

i 

induced  by  each  symmetrized 

k 

^  > 

displacement  are  ^so  shown. 

x2+y2 

X 

y 

2xy  x^-y^ 

The  potential  induced  by  qji^u  was  neglected,  since  such  the  potential  is  higher  than  the  second 
with  respect  to  (x,  y  ).  After  brief  manipulation  using  the  phonon  field  operator,  we  see  that  the 
coupling  constant  is  written  as  follows 


K,a 


(kk) 


r=A,^,E^,Eg,  (19) 


where  u  is  the  eigenvector  of  the  unperturbed  phonon  belonging  to  (A ,  fc ),  j’ j,  is  a 
matrix  of  symmetrizing  transformation,  k  (=  1,  2)  sjrecifies  the  Si  atoms  in  the  unit  cell  in  which 
the  oxygen  is  incorporated,  and  a  (=  x,  y,  z)  denote  the  component  of  the  Cartesian  coordinates. 

There  is  at  most  one  kind  of  E  that  gives  nonzero  <kj  \  w^y  |  k',  / '  >  for  given  (/,/').  This 
is  why  the  summation  with  respect  to  E  is  absent  from  (19).  Accordingly,  the  E  in  (19)  indicates 
such  the  unique  E  that  gives  nonzero  <  k  ,/  i  Wfy  |  k',  / '  >  ,  if  it  exists.  In  other  words,  there  is  at 
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most  one  kind  of  symmetrized  displaeement  that  contributes  to  an  s  ^  / '  in  (14).  In  this 

meaning,  the  phonon  transition  rate  ^  '  i®  classified  into  the  representation  F  of  the 

symmetrized  displacement.  For  /-  /  '  =  0,  ±  1,  ±  2,  the  transition  \  k ,  £  /  '>is  caused 

by  the  phonon  modes  (A ,  fc )  containing  the  Aig-,  E^-,  E^-displacements,  respectively.  For  \  £-£' 
I  >  3,  <  A  ,/  I  wpy  \k\  £'>  vanishes.  Thus  we  have  only  to  take  account  of  the  phonon  transitions 
that  change  £  by  0,  ±  1  or  ±  2.  The  other  types  of  the  transitions  are  irrelevant  (negligible)  for  the 
present  system.  From  (19),  we  find  the  important  relation,  s  £<  =  s  _£< . 


VI.  Result  of  Calculation 

Hereafter,  we  express  \  k,  £  >hy  the  abbreviated  symbol  /  (* ),  where  {k  )  stands  for  the  primes 
whose  number  indicates  the  value  of  k .  For  example,  10  ±1>  and  II,  ±1>  are  abbreviated  as  ±1  and 
±r,  respectively,  and  xq  -i  lo  ^  •  We  have  already  known  the  energy  levels  for  the  d-state  (V 

=0  state)  and  the  M-state  (N  =1  state)  (Fig.  4(a)  in  [2]).  Figure  4  shows  the  phonon  transitions 
between  the  d-states  that  we  take  into  account  in  the  present  calculation.  Also  for  the  «-states,  we 
assume  the  same  type  of  the  phonon  transitions.  In  order  to  reduce  the  number  of  the  adjustable 
parameters,  we  simplify  the  energy  levels  as  in  Fig.  5,  instead  of  those  in  Fig.  4. 


d-state  energy  levels 
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HG.  4.  The  phonon  transitions  taken  into 
account  in  the  present  calculation  for  the  line 
widths.  The  transition  through  the  Aj^-,  E„-  and 
£o-displacements  are  described  by  the  bold 
lines,  thin  lines  and  dotted  lines,  respectively. 
Two  types  of  the  labeling,  (A,  £ )  and  /  (*),  are 
given  to  each  eigenstate.  The  same  types  of 
transitions  are  assumed  tdso  for  the  M-states. 
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FIG.  5.  Simplified  energy  level 
scheme  used  for  the  present 
calculation  of  the  line  width.  The 
eigenstates  belonging  to  each 
energy  level  are  shown  by  means 
of  the  label  /(*). 


Consequently,  from  (12),  the  lAVHM  of  the  29.3-cm4  lines  due  to  the  optical  transitions  10, 0>  -* 
10,  ±1>,  and  that  of  the  1136.4-cm4  line  due  to  the  transitions  I  d  >10,  0>-»  I  u  >10,  0>  are 
expressed ,  respectively,  as  follows: 


■*1,0+3  Fj  0  ‘*1,0  +  ^2,0  (2  *2,0  +  *b',0  )  +  ^2,1  (  *2,1  +  *b',0  )  +  ■^*3,1  (  *3,1  +  *1',1  +  *-l',l  )’  (20) 

2  (^’l.O  +  ^  1,0  ^1,0  )  *1,0  +  (^2,0  +  2,0  P'2.0)  (2  *2,0  +  *0',o)  •  (21) 

ForsmalllA  I,  wecanassume  a  ^  .  I  A |l/2  /pjjyg  fj-om  (14),  for 

the  M-states  is  easily  obtained  from  that  for  the  d-states  by  using  j(")  ic£  ,k'  -  (^k£  ,k' 

k'^',’wheTeKkf,k'r^  -^'k'r)l(^k£  -  /')  This  is  why  the  ^,)3 

appears  in  (21).  In  (21),  the  prime  added  to  the  symbol  Pj j  <  indicates  that  this  is  concerned  with 
the  M-state  energy  levels. 
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Also  for  the  other  lines,  the  similar  expressions  are  obtained.  The  curves  in  Fig.  2  are  obtained 
by  determining  the  values  for  ^  formulas,  jj  q  ’  -^l.C  +  ■^2,0  +  ■^2,1  ■*1,0  +  %,0  + 

2so- 1.  were  determined  from  the  widths  of  the  29.3-,  37.7-  and  48.6-cm-l  lines  measured  at  low 
enough  temperature,  i.e.,  the  residual  widths.  The  ratios  J2,i  ^  ■^1,0  ^  ■^2,1  were  determined 

from  the  corresponding  ratios  of  the  oscillator  strength  of  absorption  measured  for  the  29.3-,  37.7- 
and  48.6-cm-l  ijnes  [7].  Since  the  phonon  transition  by  the  £„  displacement  is  the  dipolar 
transition,  the  rate  of  such  E„  phonon  transition  is  closely  related  to  the  rate  of  electric  dipole 
transition,  i.e.,  the  oscillator  strength  of  absorption.  The  other  values  were  determined  by  fitting 
the  theoretical  curves  to  the  experimental  plots.  For  the  1136.4-  and  1128.2-cm-l  lines,  the 
residual  widths  were  adjusted  to  the  experimental  ones.  The  obtained  values  are  given  in  Table  1. 


TABLE  I.  Classification  of  the  phonon  transitions  and  the  values  for  the  phonon  transition  rate. 

Type  of  Symmetrized  Displacement  Responsible 

Values  for  Phonon  Transition  Rate 

for  Phonon  transition \k  ,£  >^\k\^'> 

^k' £\k£ 

(cm-^) 

Ajg 

SQ'.O  = 

1.26 

Eu 

Sio  =  0.09,  S2_i= 

0 

d 

d 

S32  +  ®1',2  =  2.37, 

Si' O'  “■  2.54 

^2,0  = 

0.26 

Mixed 

83,1  +  SlM  +  ' 

s.i*  1  =  5.2 

VII.  Discussion 

Since  ^ ^  ■  involves  information  on  the  phonon  density  of  states  (see  ( 14)),  direct  comparison 
of  the  magnitude  ofs^  ^  r  should  be  made  for  the  transitions  with  nearly  equal  transition 
energies.  As  shown  in  Table  I,  the  Sq'^q  for  the  transition  energy  78.3  cm-1  is  much  larger  than  S2,o 
for  the  nearly  equal  transition  energy.  The  former  and  the  latter  are  caused  by  the  phonons 
involving  the  Aig  and  Eg  displacement,  respectively.  This  suggests  that  the  corresponding  Ajg 
matrix  element  k  1,0 1  1 0,0  >1  is  much  larger  than  the  Eg  matrix  element  k  0, 2 1  wgg  ^1 0, 0 

>1,  X  =  a,  b.  This  would  be  a  reasonable  consideration  because  the  interaction  between  the  2D 
I  FAR  and  the  bond-parallel  displacements  of  the  adjacent  Si  atoms  (Aj^  displacement)  would  be 
stronger  than  that  between  the  2D  LEAF  and  the  bond-perpendicular  ones  (Eg  and  Eu 
displacements).  Therefore,  the  phonon  transitions  of  the  Ajg  type  is  considered  to  be  essential  for 
the  strong  temperature  dejjendence  of  the  line  widths  for  these  bands. 

The  residual  width  0.09  cm-1  of  the  29.3-cm-l  line,  being  extremely  small  compared  with  the 
others  of  the  30-cm-l  band,  is  ascribed  to  the  fact  that  there  is  only  one  phonon-transition  that 
causes  the  residual  width  to  this  line.  It  is  the  phonon  emission  transition,  I  0,  ±1  >  ^  |  0,  0  >, 
which  gives  the  width  to  the  energy  level  of  the  state  I  0,  ±1  >.  Moreover,  the  rate  of  this  phonon 
transition  Sj  q  is  very  small.  This  is  why  the  29.3-cm-l  line  at  low  enough  temperature  is  by  far  the 
narrower  than  the  other  lines  in  the  30-cm-l  band. 
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Abstract.  The  results  of  an  experimental  study  of  oxygen  dimers  in  silicon  are  presented.  Three 
infrared  vibrational  bands  at  about  1012,  1060  and  1105  cm-1  are  shown  to  be  related  to  oxygen 
dimers.  This  assignment  is  based  on  the  correlation  between  the  strengths  of  these  bands  and  the 
interstitial  oxygen  concentration  and  on  the  analysis  of  changes  in  the  intensity  of  these  bands  after 
heat-treatments  in  the  temperature  range  350-1000  °C.  Isotopical  shifts  of  the  bands  in  the  samples 
doped  with  1*0  gives  additional  support  for  the  above  identification.  The  binding  energy  of  the 
oxygen  dimer  is  found  to  be  about  0.3  eV.  It  is  estimated  that  the  mobility  of  oxygen  dimers  should 
be  about  4  orders  of  magnitude  higher  as  compared  with  that  of  interstitial  oxygen. 

Introduction. 

The  oxygen  dimer  (O2)  should  be  the  first  step  in  the  clustering  process  of  oxygen  in  silicon.  It  was 
first  suggested  by  Gdsele  and  Tan  in  1982  that  fast-diffusing  gas-like  molecular  oxygen  could  be 
responsible  for  the  enhanced  oxygen  diffusion  and  thermal  double  donor  (TDD)  formation  at 
T<500  °C  [1].  It  is  now  clear  that  such  an  oxygen  molecule  is  not  stable  in  the  Si  lattice,  however, 
an  oxygen  dimer  formed  from  two  interstitial  oxygen  atoms  (Oj)  with  a  common  Si  neighbor  can  be 
stable  in  a  certain  configuration  [2-7].  The  binding  energy  for  such  a  complex  has  been  found  to  be 
in  the  range  0.1 -1.0  eV.  The  activation  energy  for  migration  of  the  oxygen  dimer  could  be 
significantly  lower  as  compared  with  that  of  a  single  Oj  atom  [3,7],  thus  explaining  enhanced 
oxygen  diffusion  and  TDD  generation.  Important  experimental  results  have  shown  that  for 
T>400°C  there  should  be  increasing  significance  of  oxygen  dimer  dissociation,  assuming  that  O2 
diffuse  much  more  rapidly  than  isolated  O,  atoms  [8]. 

However,  no  experimental  evidence  for  the  existence  of  the  oxygen  dimer  has  been  presented  so 
far.  Only  in  a  recent  paper  of  Stein  and  Medernach  [9]  an  enhanced  formation  of  vibrational 
infrared  (IR)  absorption  bands  at  1005,  1013  and  1063  cm-1  was  observed  in  Cz-Si  crystals  heat- 
treated  in  H-plasma  at  275  °C.  One  of  these  bands  (1005  cm-1)  was  suggested  to  be  related  to  the 
oxygen  dimer.  Earlier  some  satellite  lines  near  the  29.3  cm-1  Oj  band  were  observed  by  means  of 
high  sensitive  acoustic  phonon  spectroscopy  [10].  These  lines  were  assigned  to  the  oxygen  pairs 
because  of  the  quadratic  dependence  of  their  intensity  on  the  Oj  concentration  in  the  crystals.  But 
these  assignments  [9,10]  are  rather  tentative  and  in  fact  none  of  the  oxygen  dimer  characteristics  is 
known. 

Recently  the  vibrational  IR  bands  related  to  small  oxygen  clusters  (TDDs  and  their  precursors)  were 
discovered  [1 1-14].  It  has  been  argued  [15,16]  that  one  of  these  bands  (located  at  about  1012  cm-l) 
is  related  to  the  oxygen  dimer.  This  assignment  was  based  mainly  on  some  similarities  between  the 
expected  annealing  behavior  of  the  oxygen  dimer  and  that  of  the  complex  giving  rise  to  the  1012 
cm-1  band.  In  the  present  paper  experimental  evidence  for  this  suggestion  is  given  and  some  other 
IR  absorption  bands  associated  with  the  oxygen  dimer  are  revealed. 

Experimental. 

In  this  study  the  IR  absorption  analysis  was  carried  out  using  a  Bruker  IPS  1 13v  Fourier  Transform 
Infrared  Spectrometer.  The  measurements  were  performed  at  room  temperature  and  at  10  K,  with  a 
spectral  resolution  of  0.5- 1.0  cm-1.  We  used  as-grown  phosphorus  and  boron  doped  Cz-silicon 
samples  of  2-60  iicm  with  an  Oj  concentration  in  the  range  (4-15)xl0l7  cm-3  and  a  substitutional 
carbon  (Cj)  concentration  <  1016  cm-3.  We  also  included  a  few  samples  with  a  high  carbon 
concentration  as  well  as  samples  doped  with  the  isotope  180.  The  concentration  of  Oi  and  Cj  was 
monitored  by  measuring  the  intensity  of  the  well  known  absorption  bands  at  1107  [17]  and  605 
cm-1  [18],  respectively.  The  heat-treatments  (HTs)  were  performed  in  nitrogen  ambient  or  in  air  and 
was  followed  by  quenching  in  isopropyl  alcohol. 
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Results  and  discussion. 

An  unique  feature  of  the  oxygen  dimer  is  the  ability  to  exist  in  Cz-Si  crystals  in  a  quasi-equilibrium 
concentration  of  1014-1016  cm-3  at  high  temperatures  up  to  the  Si  melting  point  [16].  Thus,  our 
study  was  focused  on  weak  IR  absorption  bands  related  to  oxygen  complexes  which  survive  after 
high  temperature  HTs. 


Wavenumber  (cm' ') 

Fig.  1.  IR  absorption  spectra  measured  at  lOK 
for  an  as-grown  sample  and  samples  annealed 
for  30  minutes  at  560,  600  and  700  °C. 
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Fig.  2.  Spectra  (base  line  corrected)  of  as- 
grown  and  1^0  doped  samples  measured 
at  10  K  and  at  RT.  [I8Oi]=1.2xl0lS  cm-f 
[I6Oi]=l.lxl01S  cm-f  [Cs]=1.5xlOI7  cm-3 
for  180  sample  and  [Cs]=5xlOI3  cm-3  for 
160  sample. 


Figure  1  shows  typical  IR  absorption  spectra  at  10  K  in  the  range  1000-1 120  cm-1  for  carbon-lean 
Cz-Si  samples,  as-grown  and  heat-treated  for  30  minutes  at  560,  600  and  700  °C.  In  all  the  spectra 
besides  the  well  known  bands  related  to  the  natural  oxygen  isotopes  ISOj  and  170i  there  are  three 
bands  located  at  1012.4,  1059.8  and  1105.3  cm-l.  At  room  temperature  (RT)  the  first  two  bands 
were  found  to  be  positioned  at  about  1013.0  and  1061.8  cm-k  The  band  at  1105.3  cm-l  js  not 
possible  to  detect  at  RT  because  of  disturbance  from  the  strong  1107  cm-1  Oi  band.  In  samples 
doped  with  the  isotope  ISO  the  bands  were  shifted  to  969.2,  101 1.8  and  1057.1  cm-1  at  10  K  and  to 
969.7  and  1012.7  at  RT  for  the  first  two  bands  (see  table  I).  These  bands  are  shown  in  Fig.  2  for  as- 
grown  160  and  ISO  samples  (an  additional  band  on  the  low  energy  side  of  the  1012/969  cm-1  band 
has  also  been  reported  previously  [13,14]).  A  carbon-oxygen  related  band  at  about  1055  cm-1  is 
present  in  the  ISO  material.  This  band  can  be  found  at  about  1 104  cm-1  in  160  inaterial  [19].  It  is 
interesting  to  note  that  when  changing  the  temperature  from  RT  to  10  K  the  positions  of  the  1012 
and  1060  cm-1  bands  slightly  decreases  while  they  would  normally  be  expected  to  increase. 

From  the  results  in  Fig.  2  it  is  evident  that  the  bands  are  related  to  oxygen.  However,  an  isolated  Oi 
atom  can  not  give  rise  to  these  bands.  Their  intensity  was  found  to  vary  noticeably  with  the  HT 
temperature  (see  Fig.  1)  while  the  Oi  concentration  remained  constant  during  these  short-time 
anneals.  Therefore  these  bands  should  arise  from  some  oxygen-related  complex.  Since  the  1012 
cm-1  band  was  observed  earlier  even  after  dispersion  treatments  at  1100  [13]  and  1350  °C  [20]  it 
appears  likely  that  this  complex  could  be  the  oxygen  dimer. 

According  to  estimations  [16]  very  short  times  should  be  required  to  reach  a  dynamical  equilibrium 
between  Oi  and  O2  (equilibrium  state  of  dimer)  at  high  temperatures.  Our  experimental  results  show 
that  the  equilibrium  level  of  the  bands  at  about  1012,  1060  and  1 105  cm-1  for  the  lowest  HT  at  500 
°C  is  attained  within  30  minutes. 

We  will  now  analyze  the  quasi-equilibrium  concentration  [02^^]  of  the  oxygen  dimer  in  a 
simplified  model  of  the  formation  kinetics  of  the  O2  complex,  assuming  that  its  mobility  is  much 
higher  than  that  of  Oi.  We  further  assume  that  no  traps  such  as  carbon  are  present,  that  the  reactions 
between  O2  and  higher  order  complexes  than  Oj  are  insignificant  as  compared  with  reactions 
between  Oi-Oj  and  02-Oi  and  ignoring  back  reactions  of  complexes  of  higher  order  than  O2.  The 
formation  kinetics  can  then  be  expressed  as 
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-  ^M  =  ki[0i]2-k_2[02]-k3[02][0i],  (1) 

at 

where  [Oj]  and  [O2]  are  the  concentrations  of  Oj  and  O2  and  ki,  k-2  and  ks  are  formation  and 
dissociation  rate  constants.  Taking  into  account  the  results  from  Ref.  8  assuming  that  oxygen  dimer 
dissociation  becomes  the  dominating  process  at  higher  temperatures  (increasing  in  importance  from 
400  °C),  [02®4]  can  be  expressed  as 

[0«<i]=^[Oi]2.  (2) 

k_2 

In  this  case  we  expect  a  quadratic  dependence  for  [02^4]  on  [Oi].  In  Fig.  3  the  integrated  absorption 
coefficient  (lA)  of  the  band  at  1012  cm-1  measured  at  RT  is  plotted  vs.  [Oj]  for  as-grown  samples 
and  for  samples  annealed  for  30  minutes  at  700°C.  Both  curves  show  a  quadratic  dependence  with 
[Oj].  The  same  results  were  also  obtained  when  plotting  the  lA  of  the  bands  at  1012,  1060  and  1105 
cm-1  measured  at  10  K  vs.  [Oi].  For  T<400  °C  dissociation  of  O2  should  no  longer  be  important  and 
association  processes  will  dominate  [8].  In  this  case  [02^^]  will  be  according  to 

(3) 

kg 


suggesting  a  linear  dependence  for  [02®^]  on  [OiJ.  Samples  annealed  at  370  °C  long  enough  in 
order  to  obtain  the  quasi-equilibrium  concentration  of  the  complex  giving  rise  to  the  1012  cm-1 
band  (180  hours),  show  a  linear  dependence  for  the  lA  of  the  1012  cm-1  band  on  [Oj],  according  to 
Fig'.  3.  The  same  result  was  also  obtained  for  the  1060  cm-l  band.  Reliable  measurements  at  10  K  of 
the  bands  at  1012,  1060  and  1105  cm-1  were  not  possible  to  obtain  in  this  case,  since  electronic 
transitions  of  TDD  complexes  dominated  the  spectrum.  These  results  demonstrate  according  to  Eq. 
(2)  and  (3)  that  the  complex  giving  rise  to  the  bands  at  1012,  1060  and  1 105  cm-i  is  most  probably 
the  oxygen  dimer,  since  they  show  that  two  Oj  atoms  are  involved  in  this  complex.  Figure  3  shows 
for  the  as-grown  samples  that  the  [O2]  in  these  is  frozen  in  during  cooling  when  O2  dissociation  is 
dominating  over  association  processes. 


Fig.  3.  The  lA  of  the  1012  cm-1  band  measured 
at  RT  plotted  vs.  [Oi],  showing  a  quadratic 
dependence  for  as- grown  and  700  °C  annealed 
samples,  while  there  is  a  linear  dependence  for 
samples  annealed  at  370  °C. 


T{°C) 


Fig.  4.  Annealing  temperature  dependencies 
of  the  lA  of  the  1012,  1060  and  1105  cm-1 
bands  measured  at  10  K,  normalized  to  the 
square  of  the  [ Oi]. 


One  of  the  most  important  characteristics  of  the  oxygen  dimer  is  its  binding  energy.  In  the  case  of 
the  existence  of  a  dynamical  equilibrium  between  O;  and  O2  the  concentration  of  oxygen  dimers 
can  be  expressed  as  [16,21] 
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[0®‘5]  = 


[Oi]^g2 

[Osolgi 


exp(^). 


(4) 


where  gi  and  g2  are  the  numbers  of  possible  Oj  and  O2  sites  per  unit  cell  (gi  =  4  and  g2  -  12),  Eb2 
is  the  oxygen  dimer  binding  energy  and  [Oso]  is  Ih®  density  of  possible  sites  for  Oj  in  the  Si  lattice 
([Oso]=1023  cm-3). 

To  determine  the  Eb2  value  we  have  studied  the  temperature  dependence  of  the  lA  equilibrium  level 
for  the  1012,  1060  and  1105  cm-l  bands  in  the  range  500-1000  °C.  Figure  4  shows  the 
corresponding  experimental  results.  It  is  clearly  seen  that  the  plots  obtained  can  not  be  described  by 
a  simple  exponential  function  according  to  Eq.  (4).  There  is  a  flat  region  in  the  range  800-1000  °C 
and  only  in  the  range  500-700  °C  an  exponential  increase  in  lA  with  decrease  in  temperature  is 
observed.  Apparently  the  cooling  rate  after  HTs  used  in  the  present  study  was  insufficient  to  freeze 
an  equilibrium  state  of  dimers  at  T>800  °C  (in  accordance  with  [16]  the  life-time  of  O2  is  <10  msec 
at  T>800  °C).  So  in  further  analysis  we  have  concentrated  on  the  temperature  region  500-700  °C. 

It  was  deduced  that  the  temperature  dependencies  of  the  I A  of  the  bands  at  1012  and  1060  cm'l  are 
characterized  by  the  same  slope  of  0.3  eV.  On  the  other  hand  it  was  revealed  that  the  temperature 
dependence  of  the  lA  of  the  band  at  1 105  cm-l  is  slightly  different  (see  Fig.  4)  and  is  characterized 
by  a  lower  slope  of  about  0.2  eV.  It  should  be  pointed  out  that  the  data  for  this  band  are  not  so 
definitive  as  for  tbe  bands  at  1012  and  1060  cm-l.  At  low  temperatures  its  position  practieally 
coincides  with  that  of  the  band  related  to  the  Cs-Oj  complex  [22]  and  with  bands  related  to 
electronic  transitions  of  TDDs  [23].  So  it  was  rather  difficult  to  determine  properly  the  lA  of  the 
band  at  1 105  cm-l  in  the  samples  containing  TDDs  (after  HT  at  500  °C)  or  carbon  in  concentration 
>1016  cm-3. 

From  our  results  it  can  not  be  excluded  that  the  1105  cm-l  band  could  arise  from  some  dioxygen 
configuration  with  a  slightly  lower  binding  energy,  different  from  the  main  one  (Eb2  =  0.3  eV) 
giving  rise  to  the  bands  at  1012  and  1060  cm-l.  This  suggestion  can  also  be  confirmed  from 
electron  irradiations  at  about  280  °C  [24]  where  the  bands  at  1012  and  1060  cm-l  are  strongly 
enhanced  while  the  band  at  1105  cm-l  is  not  affected.  In  these  experiments  weak  IR  vibrational 
bands  positioned  at  about  556  and  690  cm-l  where  found  to  correlate  with  the  1012  and  1060  cm-l 
bands  (see  Table  I).  For  the  further  characterization  of  the  oxygen  dimer  we  will  consider  the  value 
of  Eb2  =  0.3  eV  as  the  most  reliable  one.  It  is  worth  noting  that  the  most  recent  calculations  [6] 
gave  the  close  value  of  Eb2  =  0.4  eV. 


Fig.  5.  Spectra  for  a  sample  annealed  96  hours 
at  470  °C,  measured  at  RT.  The  solid  spectrum 
was  obtained  by  using  a  FZ-Si  reference  sample, 
the  dotted  by  using  the  as-grown  sample  as  a 
reference. 


Fig.  6.  The  quasi-equilibrium  level  of  the  1012 
cm-l  band  as  a  function  of  temperature,  for 
carbon  lean  ([OiJ—l.OxlOl^,  [Csl^lOl^  cm-^) 
and  carbon  rich  ([Oi]=l.lxl0l^,  [Cs]~3xl0l7 
cm-3)  samples. 


An  identification  of  the  band  at  1012  cm-l  as  arising  from  the  oxygen  dimer  allowed  us  to 
reinterpret  some  previous  data  concerning  the  annealing  behavior  of  this  band  at  the  TD  formation 
temperatures  [11-14].  It  is  evident  now  that  there  are  two  different  kinds  of  oxygen  complexes 
giving  rise  to  the  IR  bands  located  at  about  the  same  position  at  1012-1013  cm-l;  a)  oxygen  dimers 
which  exist  in  as-grown  crystals  and  can  rapidly  be  transformed  into  the  first  types  of  TDDs  during 
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the  initial  stages  of  HTs  at  350-450  °C;  b)  higher  order  complexes  formed  after  more  prolonged 
anneals.  This  is  clearly  illustrated  in  Fig.  5  for  a  sample  annealed  at  470  °C  for  96  hours,  where  a 
spectrum  using  a  Float  Zone  Si  reference  (solid  line)  is  compared  with  a  spectrum  using  the  as- 
grown  sample  before  the  anneal  as  a  reference  (dotted  line).  The  dimer  related  bands  at  about  1013 
and  1062  cm-1  (at  RT)  stays  constant  while  a  much  broader  structure  is  growing  up  at  about  1012 
cm-1  (an  important  conclusion  made  in  Ref.  2  was  that  the  oxygen  dimers  should  be  present  in  a 
quasi-equilibrium  concentration  throughout  the  anneals).  This  broader  1012  cm-1  band  also  has  a 
related  mode  at  about  744  cm-1  [13]  which  is  not  the  case  for  the  oxygen  dimer.  The  case  is  similar 
for  bands  at  1005-1006  cm-1.  in  as-grown  samples  a  band  is  found  at  1005.3  cm-1  (at  RT)  which 
has  been  suggested  to  be  related  to  the  trimer  [15,16]  while  in  annealed  samples  bands  at  1006.4 
cm-1  and  at  about  734  cm-1  have  been  found  to  correlate  with  the  higher  order  TDDs  (from  TDD4 
and  up)  [13]. 

In  Ref.  13  we  presented  the  temperature  dependence  (350-470  °C)  of  the  equilibrium  level  of  the 
1012  cm-1  band,  related  to  the  here  suggested  oxygen  dimer.  Those  data  together  with  the  new  ones 
obtained  after  high  temperature  HTs  (measurements  at  RT)  are  plotted  in  Fig.  6.  It  is  seen  that  the 
maximum  achievable  equilibrium  level  of  the  1012  cm-l  band  ([02®4])  corresponds  to  the 
temperatures  of  about  450-500  °C.  At  lower  HT  temperatures  an  essential  decrease  in  [02^^] 
occurs.  This  fact  together  with  the  observed  rapid  transformation  of  "as-grown"  dimers  into  the  first 
TDD  species  [12]  shows  clearly  that  when  decreasing  the  annealing  temperature  below  450  °C  the 
capture  processes  of  mobile  dimers  increasingly  dominates. 


Table  I.  The  oxygen  dimer  related  vibrational  IR  modes  for  J6O2  and  ISO2  with  their  wavenumber 
positions  and  the  full  width  at  half  maximum  (^)  values. _ 


Dimer  Mode 

I6O2,  293  K 
pos. /A  (cm-l) 

I8O2,  293  K 
pos.  (cm-1) 

I8O2,  lOK 
pos.  (cm-1) 

"1060" 

1061.8/7 

1059.8/6 

1012.7 

1011.8 

"1012" 

1012.4/3 

969.7 

969.2 

686.3/6 

690.1/3 

676.5 

679.7 

"556" 

551.9/4 

555.8/2 

551.3 

555.4 

— 

1105.3/3 

— 

1057.1 

It  is  well  known  that  the  presence  of  carbon  in  a  high  concentration  prohibits  TDD  generation  in 
Cz-Si  crystals.  This  phenomenon  has  been  associated  recently  [8,15,25]  with  the  capture  of  dimers 
by  carbon.  In  the  present  study  we  have  found  that  in  fact  the  [02®‘l]  in  carbon  rich  samples  is 
consistently  lower  as  compared  with  carbon  lean  ones  in  the  temperature  interval  350-700  °C, 
according  to  Fig.  6.  The  latter  result  indicates  the  mobility  of  oxygen  dimers  as  well  as  the 
efficiency  of  carbon  related  centers  for  their  trapping. 

Since  it  is  expected  that  the  diffusion  of  O2  should  be  greatly  enhanced  as  compared  with  single  Oj 
diffusion  we  will  make  an  estimate  of  this  enhancement  for  T<400  °C  by  using  Eq.  (3)  under  quasi¬ 
equilibrium  conditions  for  O2.  By  expressing  ki=87trciDoi  and  k3=47irc3D02.  v/here  rc  (rci=rc3) 
and  D  are  the  appropriate  capture  radii  and  diffusion  coefficients,  and  using  half  the  value  of  the  Oi 
calibration  coefficient  in  order  to  calculate  [02^4],  we  get  that  the  ratio  Do2/Doi  should  be  around 
104.  Applying  the  Oj  calibration  coefficient  is  rather  doubtful,  however,  it  can  be  used  to  obtain  a 
rough  estimation. 

Finally  we  should  also  mention  that  preliminary  theoretical  calculations  of  vibrational  IR  bands 
related  to  the  O2  complex  [26]  show  that  strong  bands  are  expected  very  close  to  1012  and  1060 
cm-1  while  weaker  modes  should  be  found  close  to  556  and  690  cm-1.  From  these  calculations  it  is 
also  expected  that  the  mode  at  556  cm-l  should  not  show  a  dependence  on  its  position  with  isotopic 
mass  changes  of  the  oxygen  atom,  which  is  according  to  our  results  (Table  I).  However,  in  samples 
enriched  with  both  160  and  ISO  there  are  no  mixed  modes  observed  for  the  O2  related  bands,  which 
is  expected  for  a  next-neighbor  oxygen  dimer  structure.  This  peculiarity  needs  to  be  explained  for  a 
complete  understanding  of  the  oxygen  dimer. 

Summary. 

We  have  revealed  vibrational  IR  absorption  bands  related  to  the  oxygen  dimer  in  Si.  The  O2  binding 
energy  was  determined  to  be  equal  to  0.3  eV  and  its  quasi-equilibrium  concentration  was  found  to 
depend  on  the  [Oi]  according  to  formation  kinetics  expected  for  the  oxygen  dimer.  The  latter  result 
indicates  that  the  oxygen  dimer  is  stable  below  400°C  while  O2  dissociation  processes  dominate  at 
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higher  temperatures.  From  these  results  it  is  also  expected  that  the  migration  of  O2  complexes  is 
strongly  enhanced  as  compared  with  a  single  Oi  atom,  where  an  enhancement  factor  of  around  104 
was  estimated.  We  also  conclude  that  the  O2  mode  at  about  1012  cm-1  should  not  be  confused  with 
a  broader  band  at  the  same  position  appearing  after  prolonged  heat-treatments. 
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Abstract.  The  oxygen  dimer  should  be  a  first  step  in  clustering  of  oxygen  atoms  in  silicon.  It  has 
been  suggested  to  play  an  important  role  in  the  formation  kinetics  of  the  thermal  double  oxygen 
donors  formed  during  heat-treatments  below  500  °C.  Recently  strong  experimental  indications  of 
the  dimer  have  been  presented  and  infrared  vibrational  bands  at  about  1012  and  1060  cm-l  have 
been  assigned  to  an  oxygen  dimer.  In  this  work  a  strong  increase  of  these  dimer  related  bands  has 
been  found  in  silicon  crystals  after  electron  (2  MeV)  irradiation  at  elevated  temperatures  (250-300 
°C).  Additional  related  weaker  vibrational  bands  also  appear  at  about  556  and  690  cm-i  at  10  K. 
Simultaneously  vacancy-oxygen  related  defects  as  well  as  thermal  double  donors  are  formed.  In 
carbon-rich  material  the  dimer  formation  is  strongly  suppressed.  Different  models  for  dimer 
formation  are  discussed  and  a  model  where  a  silicon  self-interstitial  is  trapped  by  a  dioxygen- 
vacancy  center  is  suggested. 

Introduction. 

Defects  formed  in  silicon  during  electron-irradiation  and  subsequent  annealings  have  been  the 
subject  of  extensive  investigations  [1,2].  In  Czochralski-grown  (Cz)  materials  several  defects  have 
been  identified  related  to  trapping  by  impurities  of  vacancies  and  interstitials  formed  during 
irradiation.  The  experimental  results  reported  usually  refer  to  irradiations  at  room-temperature  (RT) 
or  lower  temperatures.  During  the  following  annealing  procedures,  new  defect  centers  arise  where 
typically  oxygen  and  carbon  related  defects  are  the  most  frequently  appearing. 

Heat-treatments  of  as-grown  Cz-Si  in  the  range  350-500  °C  give  rise  to  different  defects  like  the 
thermal  donors  and  oxygen-carbon  defects  which  also  have  been  widely  studied  [1,2].  However,  the 
combined  effect  of  electron  irradiation  of  samples  kept  at  temperatures  above  250  °C  is  not  much 
explored.  In  one  study  the  recovery  kinetics  of  stress  induced  dichroism  of  the  1 107  cm-i  oxygen  IR 
band  during  electron  irradiation  at  temperatures  up  to  320  °C  was  reported  and  revealed  a  strongly 
enhanced  recovery  rate  at  the  higher  temperatures  [3]. 

The  most  common  defects  found  after  RT  electron  (MeV)  irradiation  like  the  A-center,  the 
divacancy.  E-centers  and  carbon-carbon  and  carbon-oxygen  related  centers  anneal  out  to  a  large 
extent  at  temperatures  below  300  °C.  Electron-irradiation  at  temperatures  above  250  °C  is  therefore 
anticipated  to  be  a  very  different  situation  in  terms  of  defect  formation. 

The  A-center  or  the  vacancy-oxygen  center  is  the  most  frequently  appearing  defect  in  Cz  silicon 
after  irradiation.  It  can  exist  in  at  least  two  charge  states  VO°  and  VO'  and  anneals  out  around  300 
°C  [4].  The  annealing  is  suggested  to  be  due  to  three  different  mechanisms;  reaction  with  a  fast 
diffusing  species  (carbon  or  silicon  interstitial),  dissociation  and  trapping  of  diffusing  VO-centers 
by  interstitial  oxygen  to  form  VO2  centers.  It  has  been  suggested  that  the  VO  center  diffuses  faster 
in  the  negative  charge  state  [5]. 

Due  to  the  supersaturation  of  oxygen  in  Cz  silicon  below  1200  °C  clustering  of  oxygen  atoms 
occurs  at  temperatures  where  normal  oxygen  diffusion  is  important.  The  oxygen  dimer  (62)  should 
be  the  first  step  in  such  a  process.  There  have  been  several  suggestions  about  the  structure  of  such  a 
dimer.  It  was  first  suggested  that  fast-diffusing  gas-like  molecular  O2  could  be  responsible  for  the 
enhanced  oxygen  diffusion  and  thermal  double  donor  (TDD)  formation  at  T<500  °C  [6].  However, 
from  theoretical  studies  [7-1 1]  it  has  been  found  that  such  an  oxygen  molecule  is  not  stable  in  the  Si 
lattice.  It  has  been  suggested  that  an  oxygen  dimer  formed  from  two  interstitial  oxygen  atoms  (Oj) 
with  a  common  Si  neighbor  can  be  stable  in  a  certain  configuration. 

From  calculations  the  binding  energy  for  such  a  complex  has  been  found  to  be  in  the  range  0. 1-1.0 
eV.  It  has  been  found  that  the  activation  energy  for  migration  of  the  oxygen  dimer  could  be 
significantly  lower  as  compared  with  that  of  a  single  Oj  atom  [7,11].  This  would  explain  the 
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enhanced  oxygen  diffusion  observed  for  TDD  generation.  Experimental  results  have  shown  that  for 
T>400  °C  there  should  be  increasing  significance  of  oxygen  dimer  dissociation,  assuming  that  O2 
diffuse  much  more  rapidly  than  isolated  Oi  atoms  [12]. 

So  far  no  experimental  evidence  has  been  presented  for  the  existence  of  the  oxygen  dimer.  A  recent 
paper  of  Stein  and  Medernach  [13]  presented  results  on  an  enhanced  formation  of  vibrational 
infrared  (IR)  absorption  bands  at  1005,  1013  and  1063  cm-l  in  Cz-Si  crystals  heat-treated  in  H- 
plasma  at  275  °C.  The  band  at  1005  cm-l  was  suggested  to  be  related  to  the  oxygen  dimer.  Earlier 
some  satellite  lines  near  the  29.3  cm-l  Q  band  were  observed  by  means  of  high  sensitive  acoustic 
phonon  spectroscopy  [14].  These  lines  were  assigned  to  the  oxygen  pairs  because  of  the  quadratic 
dependence  of  their  intensity  on  the  Oi  concentration  in  the  crystals.  However,  the  assignments 
[13  14]  are  tentative  and  none  of  the  oxygen  dimer  characteristics  is  known. 

Vibrational  IR  bands  related  to  small  oxygen  clusters  (TDDs  and  their  precursors)  were  recently 
discovered  [15-18].  There  has  been  suggestions  [19,20]  that  one  of  these  bands  (located  at  about 
1012  cm-l)  is  related  to  the  oxygen  dimer.  The  assignment  was  mainly  based  on  similarities 
between  the  expected  annealing  behavior  of  the  oxygen  dimer  and  that  of  the  complex  giving  rise  to 
the  1012  cm-l  band.  Experimental  evidence  was  very  reeently  found  for  this  assignment  [21]. 

In  an  investigation  on  oxygen  associated  defects  and  thermal  donors  in  silicon,  a  spectrum  vvas 
presented  from  a  sample  partially  irradiated  at  a  temperature  estimated  to  200  °C  [22].  In  this 
spectrum  strong  absorption  bands  could  be  seen  at  1012  and  1060  em-i.  In  the  present  paper  an 
experiment  is  discussed  where  a  non-equilibrium  concentration  of  dimers  is  suggested  to  be  formed 
during  electron  (2  MeV)  irradiation  at  temperatures  in  the  range  250-300  °C.  ,  , 

The  bands  discussed  below  are  referred  to  as  the  1012  (1012.4)  band  and  the  1060  (1059.8)  band 
corresponding  to  the  spectral  positions  at  10  K.  The  positions  at  RT  are  1013.0  and  1061.8  cm  l 
respectively. 

Experimental.  ,  . ,  ....  r  u  * 

The  samples  used  in  this  investigation  were  as-grown  Cz-Si,  doped  with  P  to  resistivities  of  about 
60  ncm.  The  concentrations  of  interstitial  oxygen  (Of)  and  substitutional  carbon  (Cs)  were 
monitored  by  measuring  the  well  known  absorption  bands  at  1107  [23]  and  605  cm->  [24], 
respectively.  We  also  included  a  few  samples  with  a  high  carbon  concentration  as  well  as  samples 
doped  with  the  isotope  I8O.  The  samples  were  polished  to  an  optical  surface  on  two  sides  and  the 
dimensions  were  10x5x3  mm3.  The  samples  were  irradiated  in  a  temperature  regulated  holder  in  air 
at  temperatures  in  the  range  200-300  °C  to  different  doses  from  5x10'®  to  1.5x10'*  cm^,  using  2.0 

MeV  electrons.  The  beam  current  was  in  the  range  5-8  pA/cm2.  .  ^ 

IR  absorption  analysis  was  carried  out  using  a  Bruker  IPS  113v  Fourier  Transform  IR  (FUR) 
Spectrometer.  A  spectral  resolution  of  0.5-1.0  cm-'  was  used  and  the  samples  were  measured  at  10 
K  and  at  RT.  Heat-treatments  (HTs)  were  performed  in  nitrogen  ambient  or  in  air. 

Results  and  discussion.  m 

From  2  MeV  electron  irradiations  of  Cz  silicon  at  RT  it  is  well  established  that  the  dominating  IK 
absorption  bands  appearing  in  carbon-lean  material  at  RT  are  the  well-known  vibrational  bands 
related  to  the  vacancy-oxygen  center  at  830  and  877  cm-'.  In  carbon-rich  samples  bands  at  862  and 
1020  em-' related  to  the  C3  and  C4  centers  also  appear.  00 

Figure  1  shows  RT  spectra  for  carbon-lean  and  carbon-rich  samples  irradiated  at  280  C  as  well  as 
for  an  as-grown  sample.  In  the  spectrum  from  the  carbon-lean  sample  we  see  four  dominating  bands 
at  889,  1005.3,  1013.0  and  1061.8  cm-'.  The  889  band  is  assigned  to  the  dioxygen-vacancy  center 
(V02)'which  is  formed  during  annealing  around  300  °C  when  the  VO-eenter  anneals  out.  The 
mechanism  behind  the  formation  is  believed  to  be  trapping  of  mobile  VO  pairs  by  interstitial 
oxygen  atoms  [4].  _  , 

The  1012  and  1060  cm-'  bands  have  recently  been  suggested  to  originate  from  an  oxygen  dimer 
[21]  and  the  band  at  1005.3  cm-'  to  an  oxygen  trimer  [19,20].  This  attribution  contradicts 
previously  published  results  where  bands  at  the  same  positions  are  assigned  to  vibrational  inodes  of 
oxygen  clusters  related  to  thermal  donors  developing  during  HTs  in  the  temperature  range  350-500 
°C  [15]. 

However,  it  is  now  evident  that  there  are  two  kinds  of  oxygen  complexes  giving  rise  to  the  IR  bands 
located  at  about  the  same  position  at  1012-1013  ciri-i,  namely  oxygen  dimers  which  exist  in  as- 
grown  crystals  and  rapidly  are  transformed  into  the  first  types  of  TDDs  during  HTs  at  350-450  C, 
and  higher  order  complexes  formed  during  prolonged  anneals.  The  higher  order  complexes  give  rise 
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to  a  broader  1012  cm-'  band  and  besides  have  a  related  mode  at  about  744  cm-'  [17]  which  is  not 
the  case  for  the  oxygen  dimer.  For  bands  at  1005-1006  cm-'  we  have  a  similar  situation.  In  Fig.  1  it 
can  be  seen  that  the  strength  of  the  1012  cm-'  band  in  as-gfown  material  is  an  order  of  magnitude 
smaller  as  compared  to  the  irradiated  carbon-lean  sample.  If  we  use  a  calibration  coefficient 
comparable  to  half  of  that  used  for  estimation  of  the  [O,]  (based  on  the  integrated  absorption 
coefficient),  the  concentration  of  dimers  should  after  irradiation  be  about  6x1 0'5  cm-3  which  is 
much  higher  than  the  estimated  equilibrium  concentration  at  280  °C  which  is  around  10'3  cm-3. 


Fig.  1.  Spectra  measured  at  RT for  as-grown 
and  for  samples  electron  irradiated  at  280  °C 
to  a  dose  of  about  IxlQIS  e/cm2.  Bands  at 
1005.3,  1013.0  and  1061.8  cm-i  increase  in  the 
C-lean  material  ([Cs]=5xl0i3  cm-3)  but  not  in 
the  C-rich  material  ([Cs]=3xl0i‘^  cm-3).  Bands 
related  to  vacancy-oxygen  and  carbon-oxygen 
complexes  are  also  present  in  the  spectra. 


Wavenumber  (cm"’) 


Fig.  2.  Spectra  measured  at  10  Kfor  an  as- 
grown  sample  and  for  a  sample  electron 
irradiated  at  280°C  to  a  dose  of  about  IxlOiS 
e/cm2.  Vibrational  bands  at  1006.7,  1012.4 
and  1059.8  cm-i  increase  together  with  the 
electronic  transitions  ofTDD+1  and  TDD+2. 


In  Fig.  2  the  corresponding  spectra  for  the  carbon-lean  samples  measured  at  10  K  are  presented. 
Besides  the  bands  discussed  above  we  can  observe  the  well-known  electronic  transition  bands 
related  to  TDDl  and  TDD2.  The  TDDs  normally  develop  after  HTs  in  the  range  350-500  °C.  The 
fact  that  they  are  appearing  already  at  280  °C  seems  to  be  due  to  a  fast  oxygen  diffusion  during 
irradiation.  Spectra  from  irradiations  at  lower  temperatures  (200-235  °C)  did  not  show  any 
differences  from  RT  irradiations.  The  critical  temperature  seemed  to  be  around  250  °C. 

The  position  of  the  dimer  related  bands  in  Fig.  1  and  2  shows  an  unusual  temperature  dependence. 
A  small  shift  to  lower  wavenumbers  can  be  observed  as  the  temperature  is  decreased  from  RT  to  10 
K.  Typically  there  is  a  shift  in  the  opposite  direction  for  all  other  oxygen  related  vibrational  bands 
in  silicon. 

The  results  in  Fig.  1  and  2  show  clearly  that  oxygen  related  defects  are  developing  at  280  °C  during 
electron  irradiation.  The  concentration  of  VO  (830  cm-')  is  low  and  the  formation  of  VO2  (889  cm- 
')  occurs  at  a  lower  temperature  than  could  be  expected  if  the  formation  is  caused  by  a  mobile  VO 
being  trapped  by  an  interstitial  oxygen  atom.  One  explanation  for  the  latter  observation  could  be 
that,  due  to  a  high  degree  of  ionization  during  irradiation,  we  have  VO  in  a  negative  charge  state 
with  increased  mobility  (ionization  enhanced  diffusion). 

The  situation  for  defect  formation  during  irradiation  is  probably  complex  at  280  °C,  due  to  a  high 
degree  of  ionization  combined  with  the  instability  of  many  of  the  radiation  induced  defects.  The 
mechanisms  behind  the  formation  of  dimers  and  TDDs  is  therefore  not  obvious.  A  movement  of 
oxygen  atoms  could  occur  [3]  from  repeated  trapping  of  fast  diffusing  vacancies  (V)  and  self¬ 
interstitials  (I)  at  an  oxygen  atom  according  to: 


V-fOi=>VO,  VO-i-I=^Oi  (1) 

This  mechanism  could  cause  the  oxygen  diffusion  involved  in  the  formation  of  TDDs.  The 
formation  of  VO2  is  usually  described  by  the  reaction: 


VO  +  Oi  =>  VO2 


(2) 
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where  VO  is  mobile  (>  300  °C)  and  is  trapped  at  an  Oj  atom.  In  the  present  case  y02  might  be 
formed  both  from  a  mobile  VO  being  trapped  by  an  Oj  atom  and  a  mobile  O;  atom  being  trapped  by 
a  VO.  The  annihilation  of  VO2  is  usually  observed  at  temperatures  where  normal  oxygen  diffusion 
is  significant.  The  reaction  is  described  by: 

V02+0i=>V03 

In  Fig.  1  we  observe  absorption  bands  related  to  VO3  (905,  969  and  1001  cm-i  )  which  again  is  an 

indication  of  mobile  oxygen  atoms.  .  . 

Concerning  the  role  for  the  I  it  is  known  to  cause  annihilation  of  vacancies  and  VO-centers.  it 
should  therefore  be  a  possibility  that  I  also  interact  with  VO2  centers  in  a  reaction  like: 

V02  +  I=>02 

A  possible  backward  reaction  could  be: 


02  +  V=i-V02 

The  importance  of  the  I  is  quite  clear  from  the  results  in  Fig.  1  where  a  spectrum  from  a  carbon-rich 
sample  irradiated  at  280  °C  is  included.  We  can  see  an  extremely  strong  effect  on  the  dimer 
formation.  The  well-known  Watkins  replacement  mechanism  I-i-Cs=^Cj  is  a  dominating  reaction  in 
the  carbon-rich  sample  and  will  of  course  strongly  suppress  the  reaction  where  dimers  are  formed 
due  to  reaction  (4).  It  can  also  be  noticed  in  Fig.  1  that  the  concentration  of  VO2  becomes  much 
stronger  than  in  the  carbon-lean  sample  which  would  be  expected. 


550  570  670  690 

Wavenumber  (cm'^) 


Fig.  3.  Spectra  of  measurements  at  RT  and  at 
10  K  of  vibrational  IR  bands  correlated  with 
the  1012  and  1060  cm-1  bands  according  to 
Fig.  4. 
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~  lA  of  1 01 2  cm' '  band  (cm"  ^ 

Fig.  4.  The  correlation  between  the  1012  cm- 1 
band  and  the  1060,  690  and  556  cm-1  bands 
for  the  creation  (electron  irradiation  at  280  °C, 
open  symbols)  and  annihilation  (filled  sym¬ 
bols)  of  these  bands.  Electron  irradiation  doses 
of  1.0x1016-1.6x1018  e/cm^  were  used. 


If  we  assume  that  the  calibration  coefficient  for  the  dimer  (using  the  1012  cm-i  band)  and  VO2  is 
about  the  same  we  find  that  the  sum  of  the  concentrations  of  of  these  two  defects  is  what  we 
typically  get  for  VO2  from  RT  irradiation  followed  by  annealing.  This  also  supports  the  reaction  (4). 
In  the  earlier  studies,  the  1012  cm-i  band  was  weak  [15-18].  Now  we  have  an  order  of  magnitude 
stronger  bands  and  we  have  the  possibility  to  look  for  weaker  modes  related  to  the  oxygen  dimer. 
Our  results  show  that  there  indeed  are  such  bands  as  shown  in  Fig.  3.  The  strength  of  the  bands  are 
an  order  of  magnitude  weaker  than  the  1012  cm-*  band  and  at  10  K  they  are  positioned  at  555.8 
(551.9  at  RT)  and  690.1  (686.3  at  RT)  cm-i.  Samples  enriched  with  1*0  showed  that  there  is  an 
isotopic  shift  for  the  690  cm'i  band  but  not  for  the  556  cm-i  band.  In  this  respect  the  556  cm  1  band 
behaves  like  the  515  cm-i  band  related  to  Oi.  The  correlation  between  the  bands  assigned  to  the 
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oxygen  dimer  is  illustrated  in  Fig.  4.  The  results  are  from  both  formation  during  irradiation  and 
from  annihilation  of  the  dimer. 

It  has  been  suggested  that  the  oxygen  dimer  is  always  present  in  Cz-Si  in  an  equilibrium 
concentration  due  to  a  continuous  formation  and  dissociation  [20].  The  equilibrium  concentration 
has  experimentally  been  found  to  have  a  maximum  around  450-500  °C  [21].  The  lifetime  of  the 
dimer  in  the  temperature  range  450-500  °C  is  estimated  to  105  s  while  the  lifetime  at  280  °C  should 
be  around  1014  s.  The  high  non  equilibrium  dimer  concentration  obtained  during  irradiation  at  280 
°C  should  therefore  decrease  during  a  post  heat-treatment  at  higher  temperatures. 
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Fig.  5.  Isochronal  annealing  of  the  dimer 
related  1012  cm-l  band  and  of  the  VO2 
complex.  Measurements  were  carried  out 


Fig.  6.  Spectra  measured  at  RT  of  a  sample 
electron  irradiated  (IxlQlS  e/cm2)  at  280°C 
followed  by  HT for  4  hours  at  470°C.  Bands 


o4  RT.  at  about  1005,  1013  and  1062  cm-1  decrease 

together  with  the  VO  and  VO2  centers  and  the 
carbon-oxygen  C3  and  C4  complexes.  Bands 
assigned  to  VO3  and  VO4  and  possibly  also 
vibrational  bands  related  to  TDD2  and  TDD3 
increase. 

Figure  5  shows  the  results  of  an  isochronal  annealing  for  both  the  dimer  and  VO2.  While  the 
annealing  of  the  dimer  is  dominated  by  a  dissociation  process  to  adjust  to  thermal  equilibrium,  the 
annealing  of  VO2  is  supposed  to  occur  by  a  process  where  mobile  oxygen  atoms  are  trapped  at  VO2 
giving  rise  to  VO3.  After  4  hours  at  470  °C  in  Fig.  6  we  can  observe  the  growth  of  the  VO3  and 
VO4  related  bands  [6].  A  strong  decrease  of  the  dimer  related  bands  to  a  strength  somewhat  higher 
than  the  equilibrium  concentration  at  470  °C  (probably  because  the  HT  time  was  too  short)  is  also 
observed.  There  are  indications  of  the  vibrational  bands  related  to  TDD2  and  TDD3  at  988  and  999 
cm-i.  A  band  at  986  cm-i  assigned  to  VO4  is  stronger  than  usually  observed.  This  might  be  caused 
by  a  diffusing  dimer  trapped  by  VO2. 


Summary 

We  have  found  that  electron  irradiation  at  temperatures  in  the  range  250-300  °C  of  Cz  silicon  gives 
rise  to  vibrational  IR  bands  at  1059.8,  1012.4,  690.1  and  555.8  cm-l  at  10  K.  These  bands  are 
assigned  to  the  oxygen  dimer.  The  formation  of  the  dimer  is  suggested  to  be  due  to  a  reaction  where 
the  dioxygen-vacancy  center  traps  a  self-interstitial.  A  simultaneous  development  of  TDDs  and  VO3 
indicates  an  enhanced  oxygen  diffusion  during  the  irradiation. 
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Abstract  Thermal  donors  generated  in  p-type  boron-doped  Czochralski-grown  silicon  by  a  450  °C 
heat  treatment  have  been  studied  by  high-field  magnetic  resonance  spectroscopy.  In  the  experiments 
conducted  at  a  microwave  frequency  of  140  GHz  and  in  a  magnetic  field  of  approximately  5  T  four 
individual  thermal  donors  species  could  be  resolved.  These  were  observed  in  their  singly  ionized 
TD+  charge  state.  For  the  first  time  in  the  four  decades  of  thermal  donor  research  the  g  tensor  values 
for  specific  members  of  the  Si-NL8  family  are  given.  Also  the  symmetry  of  the  observed  species  is 
discussed. 

Introduction 

Thermal  donors  (TD’s)  constitute  a  long-standing  puzzle  in  the  materials  science  of  silicon.  Ever 
since  their  first  observation  [1]  they  presented  a  challenge  to  both  experiment  and  theory.  At  this 
moment,  some  40  years  after  their  discoveiy,  there  exists  no  microscopic  model  of  their  structure, 
which  would  be  capable  of  accounting  for  all  the  available  experimental  data.  Also  the  theoretical 
picture  is  not  complete  and  basic  questions  remain  unanswered.  This  situation  continues  to  exist 
as  new  findings  often  contradict  each  other  and  complicate  rather  than  converge  our  understanding 
of  the  problem.  Little  progress  is  achieved  in  spite  of  the  fact  that  TD’s  are  easily  generated  in 
large  concentrations  and,  as  such,  can  be  readily  obseiwed  by  a  variety  of  experimental  techniques 
commonly  used  for  defect  characterization.  At  the  same  time  the  shallow  electrical  character  and 
wide-spread  abundance  make  TD’s  relevant  for  device  development,  performance  and  stability. 

While  numerous  methods  have  been  applied  in  the  studies  of  TD’s  the  infrared  absorption  and 
magnetic  resonance  proved  to  be  among  the  most  informative.  The  infrared  absorption  spectroscopy 
was  the  first  to  reveal  the  major  problem  which  hinders  the  progress  in  the  structure  determination 
of  these  centers  -  the  multispecies  character.  In  a  recent  absoiption  study  [2]  it  was  shown  that 
upon  prolonged  treatment  of  oxygen-rich  silicon  in  the  450  °C  temperature  range  a  series  of  16  very 
similar,  yet  distinct,  shallow  double  donors  develop,  with  each  species  having  its  own  generation 
and  decay  properties.  This  very  characteristic  feature  of  TD  centers  could  be  also  confirmed  by 
the  high-resolution  deep-level  transient  spectroscopy  (DLTS)  technique  [3].  The  electrical  structure 
of  TD’s  was  shown  to  be  well  described  by  the  effective  mass  theory,  with  a  series  of  helium-like 
levels  within  approximately  180  meV  below  the  bottom  of  the  conduction  band.  In  addition  to  those 
findings,  the  two  deepest  members  of  TD  family  were  shown  to  have  bistable  pi  operties,  thus  further 
complicating  the  picture. 

In  electron  paramagnetic  resonance  (EPR)  two  spectra  were  assigned  to  themial  donors  [4,5]: 
one  of  them,  Si-NL8,  has  been  identified  as  a  singly  ionized  charge  state  TD+;  the  other  one,  Si- 
NLIO,  has  recently  been  shown  to  incoiporate  a  single  hydrogen  atom  and,  consequently,  identified 
as  a  TD-H  complex,  although  another  stiaictural  vai'iation,  involving  an  aluminum  acceptor,  is  also 
possible  [6].  For  both  Si-NL8  and  Si-NLIO  centers  participation  of  oxygen  has  been  established 
proving  in  this  way  the  relation  between  TD’s  and  this  dominant  impurity  [7,8].  Another  important 
conclusion  from  magnetic  resonance  studies  was  the  overall  orthorhombic-I  (C2„)  symmetry  found 
for  both  TD-related  centers. 

Generally,  in  magnetic  resonance  each  center  is  characterized  by  its  g  tensor  which  describes  the 
Zeeman  interaction  between  spin  S  of  the  center  and  the  magnetic  field.  Experience  shows  that  the 
g  tensoi-  in  practice  identifies  the  defect  and  forms  its  unique  fingeiprint.  The  multispecies  character 
should  then  be  readily  observable  as  a  series  of  similar  EPR  spectra.  In  practice  the  resonance  lines 
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of  individual  species  overlap,  resulting  in  line  broadening.  The  annealing  time  development  of  TD 
species  gives  rise  to  a  gradual,  quasi-continuous  change  of  line  positions  -  the  so  called  3-shifting 
effect.  Such  an  effect  leads  to  a  lowering  of  anisotropy  of  the  TD-related  spectra  for  longer  annealing 
times,  in  agreement  with  the  simultaneous  domination  of  the  more  shallow  species.  Actual  EPR 
spectra  of  individual  TD  species  could  not  be  observed  until  now  due  to  an  insufficient  resolving 
power  of  the  available  experimental  setups,  seriously  hampering  the  value  of  the  EPR  technique  in 
TD  investigations.  In  view  of  the  crucial  role  which  magnetic  resonance  spectroscopy  played  in  the 
past  in  the  development  of  microscopic  understanding  of  major  defect  centers,  one  may  speculate 
that  if  this  situation  could  be  changed  a  flow  of  valuable  information  would  follow.  In  this  aspect  the 
development  of  novel  high-frequency  magnetic  resonance  techniques  offers  new  possibilities.  These 
have  been  explored  in  the  current  study. 

Experimental  conditions 

The  experiments  were  performed  with  the  newly  consti-ucted  high-frequency  D-band  spectrometer 
operating  at  140  Ghz.  Its  features  and  construction  will  be  shortly  described  in  the  following. 

The  140  GHz  microwaves  ai-e  generated  by  a  high-stability  1 8  times  frequency  multiplier  which  is 
externally  driven  by  a  tunable  CW  synthesizer  (HP  867  IB)  lamning  at  a  frequency  of  approximately 
7.7  GHz.  The  multiplied  signal  is  fed  through  a  band  pass  filter  and  an  injection  locked  amplifier 
delivering  30  mW  output  power  to  the  homodyne  microwave  bridge.  The  attenuators  in  the  bridge  are 
electronically  tuned  PIN  diodes.  A  helium-cooled  InSb  crystal  detects  the  power  reflected  from  the 
cavity.  The  cylindrical  cavity  (radius  1.41  mm)  has  an  unloaded  quality  factor  Q  of  approximately 
4500  and  can  be  tuned  by  repositioning  of  its  bottom.  The  sample  is  glued  to  the  bottom  of  the 
cavity  and  rotated  for  changing  its  orientation  with  respect  to  the  magnetic  field.  Measurements  are 
done  when  tuned  to  dispersion.  The  magnetic  field  is  supplied  by  a  6  T  superconducting  magnet 
(Cryogenic)  with  provisions  for  linear  scanning.  Modulation  of  the  magnetic  field  is  achieved  by  an 
additional  coil  wound  around  the  cavity  allowing  for  phase-sensitive  detection  at  about  100  kHz.  The 
temperature  of  the  sample  and  cavity-insert  is  kept  stable  by  a  helium  flow  cryostat  combined  with 
a  heater  (Cryogenic).  In  order  to  calibrate  the  magnetic  field,  markers  with  well  known  resonance 
lines,  such  as  Si:P  and  manganese,  are  mounted  in  the  cavity  together  with  the  sample  under  study. 

Experimental  results  and  discussion 
A.  Preliminaries 

As  already  mentioned,  the  resolving  power  of  conventional  EPR  is  insufficient  to  reveal  the  indi¬ 
vidual  TD  species.  Figure  1  presents  the  angular  dependence  of  the  Si-NL8  spectrum  commonly 
assigned  to  TD+;  the  thin  and  the  thick  lines  conespond  to  the  experimental  results  as  obtained  in 


Figure  1:  The  angular  de¬ 
pendence  of  the  Si-NL8  EPR 
spectrum  as  measured  in  the 
K  microwave  band  for  a  Cz- 
Si:B  sample  annealed  for  1.5 
and  270  hrs  -  thin  and  thick 
lines,  respectively. 


a  sample  annealed,  respectively,  for  1.5  and  270  hours.  A  clear  gr-shifting  effect  can  be  concluded: 
upon  prolonged  annealing  the  spectrum  of  orthorhombic-I  symmetry  type  undergoes,  what  is  ob¬ 
served  as,  a  continuous  transformation  and  becomes  more  isotropic.  In  the  g  tensor  description  this 
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con-esponds  to  a  gradual  change  of  tensor  components,  with  the  most  pronounced  variation  of  the 
off-diagonal  element  Qxy  A  similar  effect  has  also  been  concluded  for  the  other  TD-related  Si-NL  1 0 
center  [5], 

The  g-shifting  effect  illustrated  in  Fig.  1  is  readily  explained  if  we  assume  that  the  actual  EPR 
spectrum  represents  a  supeiposition  of  unresolved  contributions  of  individual  species.  The  relative 
(but  also  absolute)  concentrations  of  these  change  with  the  annealing  time  resulting  in  a  somewhat 
different  overall  signal.  Since  the  shallower  species  with  the  more  isotropic  g  tensors  dominate  at  a 
later  heat-treatment  stage,  the  superimposed  spectrum  also  becomes  less  anisotropic,  in  agreement 
with  the  experimental  result  depicted  in  Fig.l. 

B.  Individual  Si-NL8i  species 

Although  up  to  now  the  EPR  spectra  of  individual  TD’s  could  not  be  resolved,  the  distinction  was 
possible  by  Electron  Nuclear  DOuble  Resonance  (ENDOR).  Such  experiments  have,  again,  been 
performed  for  both  TD-related  centers.  In  ENDOR  one  observes  hyperfine  interactions  between  the 
electron  spin  of  the  center  and  nucleai-  spins  of  atoms  on  which  it  is  localized. 

For  the  Si-NL8  center  a  ^°Si  [9]  and  ENDOR  [8]  has  been  done  revealing  hyperfine  interac¬ 
tions  with  ligand  silicon  atoms  as  well  as  with  oxygen  atoms  forming  (presumably)  the  essential  part 
of  the  TD  structure.  In  both  cases  different  “shells”  have  been  found  and  these  have  been  postulated 
to  arise  from  different  TD  species.  A  direct  relation  between  a  selected  hyperfine  interaction  and  the 
EPR  center  can  be  obtained  in  the  so-called  field-swept  ENDOR  (FSE);  in  case  of  Si-NL8  studies 
the  available  conditions  did  not  allow  for  such  a  measurement.  On  the  other  hand,  an  attempt  was 
made  to  correlate  different  ENDOR  shells  with  TD  species  detected  by  IR  absoiption  [10]. 

Also  for  the  Si-NLIO  center  a  vast  body  of  experimental  evidence  has  been  collected.  Similarly 
to  Si-NL8,  the  individual  species  were  resolved  in  ENDOR  [11].  In  this  case,  however,  successful 
FSE  measurements  could  identify  several  members  of  the  Si-NLIO  family.  Although  the  separation 
of  individual  contiibutions  was  only  possible  for  the  single  most  anisotropic  orientation  and  only 
close  to  the  <01 1>  crystal  direction,  i.e.,  in  the  vicinity  of  the  U6  point  indicated  in  Fig.l,  the  FSE 
technique  was  in  that  case  capable  of  providing  a  very  valuable  structural  information.  Among  the 
few  separated  species  only  one  was  found  to  have  the  “true”  orthorhombic-I  symmetry;  for  all  the 
other  ones  a  small  monoclinic  distortion  was  infened.  This  finding  is  of  crucial  importance  for  the 
modeling  of  the  TD  stmcture,  and  will  be  further  discussed  in  the  next  section. 


Magnetic  field  (mT) 

Figure  2:  The  Si-NL8  EPR  spectrum  as  obtained  in  the  D-microwave  band  at  140  GHz 
with  magnetic  field  parallel  to  <.01  ly.  The  indicated  splitting  of  the  high-field  compo¬ 
nent  U6  shows  the  contributions  of  individual  TD  species.  Mn  markers  are  indicated. 
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In  addition  to  the  ENDOR/FSE  studies  the  Si-NLIO  species  were  also  investigated  by  high-field 
magneto-absorption  [12] .  In  the  experiment  conducted  for  an  Al-doped  Czochralski-grown  Si  sample 
in  a  magnetic  field  of  12  T  three  different  species  were  resolved.  However,  in  view  of  a  poor  signal- 
to-noise  ratio,  the  distinction  was  possible  only  for  the  U6  point,  where  the  separation  between  the 
individual  spectra  is  most  pronounced;  this  allowed  for  an  estimation  of  the  specific  g  tensors. 

Since  the  individual  species  are  chai-acterized  by  specific  g  tensors,  the  spectral  separation  be¬ 
tween  them  is  proportional  to  magnetic  field.  In  the  cuirent  study  we  take  full  advantage  of  that  effect. 
Figure  2  shows  the  EPR  spectrum  as  measured  in  the  studied  sample  with  the  magnetic  field  of  ap¬ 
proximately  5  T  parallel  to  the  <01 1  >  crystallographic  direction.  The  four  evenly  spaced  resonances 
of  equal  intensity  are  due  to  manganese  and  serve  as  field  markers.  For  a  center  of  orthorhombic-I 
symmetry  the  spectium  in  this  direction  contains  three  lines  with  1:4:1  intensity  ratio.  Instead,  in 
the  figure  the  high-field  line  U6  is  split  into  at  least  four  components  of  different  magnitude;  their 
total  integrated  intensity  is  equal  to  that  of  the  low-field  resonance  U5  at  5003,701  mT.  We  conclude 
that  the  observed  splitting  represents  contributions  of  individual  TD  species  whose  spectra  are  well 
resolved  in  the  high-field  U6  point,  and  coincide  for  the  low-field  line  (U5).  Such  a  behavior  is  in 
good  agreement  with  that  expected  from  the  g-shifting  effect,  as  depicted  in  Fig.  1 .  The  measurement 
presented  in  Fig.2  is  the  first  direct  EPR  identification  of  individual  TD  species  observed  here  in  their 
singly  ionized  charge  state  TD+.  We  label  these  species  Si-NL8i-Si-NL84. 


Figure  3:  The  angular  dependence  of  the  Si-NL8  EPR  spectrum  as  obtained  in  the  D- 
microwave  band  at  140  GHz.  Solid  lines  represent  simulations  for  the  individual  TD 
species  Si-NL8i  to  Si-NL84  with  the  parameters  as  summarized  in  Table  1. 

Subsequently  the  whole  angular  dependence  was  measured.  The  result  is  illustrated  in  Fig.3 
where  experimental  data  are  shown  together  with  the  computer  fit  under  the  assumption  of  ortho- 
rhombic-I  symmetry.  The  resulting  g  tensors  for  the  four  species  ai'e  summarized  in  Table  I.  Fol¬ 
lowing  the  earlier  discussion  we  identify  the  most  anisotropic  Si-NL8i  as  the  basic  TD  present  in 
our  sample;  it  should  be  characterized  by  the  most  simple  microscopic  stmctui  e  with  (possibly)  the 
smallest  number  of  paiticipating  oxygen  atoms  and  the  lowest  ionization  energy  level.  The  “later”, 
less  anisotropic  species  -  Si-NL82-Si-NL84  -  should  represent  larger  structures,  with  gradually  shal¬ 
lower  electric  levels.  Careful  inspection  of  the  high-field  line  in  Fig.2  reveals  a  possible  presence 
of  still  further  species;  their  presence  can  also  be  concluded  from  a  broad  high-field  shoulder  of  the 
middle  component  -  U1 .  Their  field  shift  is,  however,  insufficient  to  determine  the  g  tensors. 
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Table  I:  g  values  of  individual  species  of  Si-NL8 


Si-NL8i 

Si-NL8j 

Si-NL83 

Si-NL84 

gl 

g2 

g3 

1.99980 

1.99285 

2.00084 

1.99980 

1.99317 

2.00084 

1.99980 

1.99346 

2.00084 

1.99980 

1.99376 

2.00084 

C.  Symmetry  aspects 

In  the  fitting  of  the  angulm'  dependence  illustrated  in  Fig.3  the  orthorhombic-I  symmetry  has  been 
assumed,  in  line  with  the  generally  accepted  symmetiy  properties  of  TD  centers.  However,  when  one 
considers  now  that  in  the  current  experiment  individual  species  are  separately  probed,  the  natural 
assumption  of  the  €2^  symmetry  appears  much  less  certain.  In  detail,  if  one  accepts  a  general  model 
that  the  TD  development  process  comprises  (interstitial)  oxygen  aggregation  around  a  characteristic 
core  of  precisely  orthorhombic-I  symmetry  and  electrical  character  of  a  double  donor,  then  it  appears 
highly  unlikely  that  this  symmetry  type  would  be  preserved  in  the  TD  growth  process.  In  order  to 
maintain  the  orthorhombic-I  symmetry  for  all  the  species  the  growth  process  would  either  have  to 
take  place  along  a  <  100>  ciystallographic  direction  (the  two-fold  defect  axis),  or  would  require  the 
simultaneous  addition  of  at  least  two  oxygen  atoms  on  symmetry-equivalent  sites  on  both  sides  of 
the  cluster.  The  first  possibility  is  contradicted  by  the  experimental  data  which  indicate  <01 1>  as 
the  growth  direction;  the  latter  one  is  highly  improbable  in  view  of  the  large  number  of  components 
involved.  Consequently,  it  is  plausible  that,  when  investigated  separately,  the  majority  of  TD  species 
would  disclose  symmetries  lower  than  orthorhombic-I;  monoclinic  or  general.  We  note  here  that 
such  a  growth-induced  symmetry  lowering  has  been  concluded  in  case  of  the  other  TD-related  EPR 
spectrum,  Si-NLIO,  from  the  FSE  studies  [10].  In  that  case,  among  the  four  species  investigated  in 
some  detail  only  one  was  determined  to  have  a  trae  C2,.  symmetry  type;  for  the  other  ones  a  small 
splitting  of  the  orientations  which  coincide  in  U6  has  been  concluded.  The  magnitude  of  this  splitting 
was  shown  to  be  (far)  below  the  resolution  of  a  K-band  EPR  experiment. 

Although  in  the  current  study  the  experimental  data  could  be  satisfactorily  fitted  with  orthorhom¬ 
bic  g  tensors,  a  possible  lowering  of  the  symmetry  type  has  been  given  further  attention.  This  is 
illustrated  in  Fig.4. 


Magnetic  field  (mT)  Magnetic  field  (mT) 

Figure  4:  Comparison  of  the  measured  and  the  simulated  spectra  with  magnetic  field  ori¬ 
ented  (a)  along  a  <01  ]>  direction  and  (b)  16°  away  from  <01  ly.  Only  the  resonance 
U6  from  a  single  TD  orientation  is  shown.  A  clear  disagreement  for  the  off-main-direction 
measurement  can  be  observed. 

Figure  4(a)  shows  the  EPR  spectmm  as  experimentally  observed  in  the  high-symmetry  U6  point. 
This  measurement  has  been  used  to  determine  the  intensity  of  individual  components,  and  a  simula¬ 
tion  of  the  signal  has  been  made.  As  can  be  seen  the  experimental  form  of  the  spectrum  can  be  very 
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well  reproduced.  Subsequently,  the  intensity  and  the  linewidth  established  in  this  way  have  been  used 
to  simulate  the  spectrum  expected  16°  away  from  the  main  direction.  In  Fig.4(b)  this  simulation  is 
compared  with  the  actual  measurement:  in  this  case  the  agreement  is  rather  poor.  The  experimental 
result  can  be  readily  reproduced  if  we  assume  a  small,  unresolved  splitting  of  components  related 
to  Si-NL8i,  Si-NLSs,  and  Si-NL84.  Therefore  the  current  study  offers  strong  indications  that  the 
growth  process  lowers  the  overall  symmetry  of  the  TD  center  from  orthorhombic  to,  at  least,  mono¬ 
clinic.  However,  even  when  performed  at  the  frequency  of  140  GHz,  the  experimental  resolution  of 
EPR  appears  insufficient  to  decide  on  the  precise  symmetry  of  the  individual  species. 

In  follow-up  experiments  currently  on  the  way  the  growth/development  of  TD’s  will  be  ftirther 
investigated.  We  hope  that  these  studies  will  finally  unravel  the  symmetry  changes  and,  in  this  way, 
contribute  to  the  understanding  of  the  whole  process. 

Conclusions 

The  individual  species  of  silicon  TD’s  were  for  the  first  time  resolved  in  EPR.  They  were  observed 
in  their  singly-ionized  charge  state  TD+.  From  the  measurements  performed  in  a  magnetic  field  of 
approximately  5  T  and  a  microwave  frequency  of  140  GHz  the  g  tensors  for  four  centers,  labeled 
Si-NL8i-Si-NL84,  have  been  determined.  From  an  analysis  of  the  form  of  the  spectrum  observed  at 
approximately  16°  away  from  the  <01 1  >  main  direction  the  tme  symmetry  of  the  TD  centers  has 
been  investigated;  some  indication  has  been  found  that  some  of  the  species  present  in  the  investigated 
crystal  were  of  a  symmetry  lower  than  orthorhombic-I  usually  assigned  to  TD  s. 
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Abstract.  Heat  treatment  of  Czochralski  Si  at  ~  470  °C  leads  to  the  formation  of  shallow 
thermal  donors  (STDs)  with  ionisation  energies  of  ~  36  meV  that  are  detected  by  infrared 
(IR)  absorption.  The  STDs  produced  in  hydrogenated  samples  (B,  P  or  In-doped)  are 
shown  to  incorporate  H  atoms  and  give  rise  to  a  distinct  set  of  electronic  transitions.  A 
different  family  of  lines  is  detected  in  Al-doped  samples.  Such  samples  also  give  rise  to 
NLIO  electron  paramagnetic  resonance  (EPR)  spectra  and  ENDOR  measurements  reveal 
the  presence  of  H(D)  or  A1  atoms  in  the  defect  cores.  STDN(H)  and  STDN(Al)  are 
produced  simultaneously  in  hydrogenated  Al-doped  samples.  Samples  pre-heated  in 
nitrogen  gas  at  high  temperatures  show  yet  a  third  set  of  IR  electronic  transitions  but 
is  not  detected  by  ENDOR.  There  is  a  suggestion  that  these  centres  incorporate  a  lattice 
vacancy.  We  demonstrate  that  there  are  at  least  three  types  of  shallow  thermal  donors 
that  have  not  always  been  distinguished  by  IR  measurements  in  previous  work. 

Introduction. 

Clustering  of  oxygen  atoms  in  Czochralski  (CZ)  silicon  annealed  in  the  range  350  <  T  <  500°C 
leads  to  the  formation  of  a  family  of  double  thermal  donors,  TDN  [1,2]  with  N  =  1  to  16. 
Individual  members  of  this  family  are  resolved  by  infrared  (IR)  measurements  of  the 
electronic  transitions  from  either  TDN°  or  TDN+.  In  their  singly  ionised  charge  state,  the 
donors  also  give  rise  to  the  NL8  electron  paramagnetic  resonance  (EPR)  spectrum  [3,4] 
and  electron  nuclear  double  resonance  (ENDOR)  measurements  of  ^^O-doped  samples 
demonstrate  the  presence  of  O  atoms  in  the  TD  cores  [5].  ENDOR  signals  from  other 
impurities  (^^C,  l^N)  are  not  detected  (see,  for  example.  Ref.  6).  In  spite  of  the  wealth  of 
information,  there  is  still  uncertainty  about  the  detailed  structure  of  these  defects. 

Another  family  of  defects  that  gives  rise  to  the  less  anisotropic  EPR  NLIO  spectrum  [7]  is 
also  generated  in  annealed  CZ  Si.  NLIO  is  always  stronger  in  samples  doped  with  A1  and 
ENDOR  measurements  confirm  the  presence  of  both  oxygen  and  27 A1  in  the  defect  cores 
[7,8].  However,  the  presence  of  27^1  is  not  essential  for  the  detection  of  NLlO  and  in  other 
samples,  an  ENDOR  signal  from  hydrogen  has  been  observed  [6,9].  In  hydrogenated  Al- 
doped  material  both  ENDOR  signals  can  be  detected  indicating  that  these  defects  can  be  of 
the  type  NLIO(AI)  or  NLIO(H).  Again  the  detailed  structure  of  these  defects  is  not  known 
but  it  resembles  the  TD  structure  with  the  addition  of  an  A1  atom,  a  H  atom  or  possibly 
some  other  impurity  or  a  defect. 
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Electronic  IR  absorption  lines  are  detected  at  energies  below  ~  300  crn'l  and  recently  their 
strengths  have  been  linked  with  the  strength  of  NLIO(H)  [6].  These  IR  absorption  lines 
have  been  studied  by  many  workers  and  correspond  to  a  second  family  of  donors  that  are 
known  as  shallow  thermal  donors,  STDN  [6, 10-15].  However,  these  absorption  lines  have 
not  been  differentiated  into  separate  families  of  STDNs  and  so  it  is  not  clear  whether  or 
not  the  same  donor  defects  have  been  examined  in  each  study.  For  example,  it  has  been 
shown  that  the  STD  defects  responsible  for  the  IR  absorption  lines  reported  in  Ref.  6,  must 
incorporate  at  least  one  H  atom  since  the  transitions  shifted  slightly  to  lower  energies 
when  H  atoms  were  replaced  by  D  atoms.  Other  workers  have  measured  IR  absorption  in 
annealed  Al-doped  CZ  Si  below  300  cm-l  [15],  but  a  well-resolved  family  of  lines  was  not 
reported.  There  have  also  been  many  reports  of  STD  transitions  detected  in  nitrogen 
treated  samples  [11-14]  and  some  workers  have  proposed  that  nitrogen  is  incorporated  in 
these  STD  defect  cores  [11,14]. 

The  aim  of  the  present  work  is  to  clarify  the  situation  by  examining  a  range  of  annealed 
CZ  samples;  namely,  hydrogenated  material,  Al-doped  material  and  nitridated  material. 
We  will  show  that  after  suitable  annealing  treatments,  these  three  types  of  samples  can 
produce  three  different  families  of  STDN  absorption  lines  and  three  different  types  of 
ENDOR  signal  from  their  NLIO  spectra.  We  link  STDN(H)  to  NLIO(H)  and  STDN(Al)  to 
NLIO(AI)  but  the  third  family  of  lines  produced  in  nitridated  material,  STDN(X),  does  not 
link  to  an  ENDOR  signal  from  The  presence  of  nitrogen  is  not  ruled  out  but, 
alternatively,  a  different  defect/impurity  may  be  incorporated  in  this  donor  core. 

Experimental  Details. 

Most  CZ  Si  samples  (Oj,  ~  10^8  cm-3)  were  given  a  thermal  pre-treatment  at  1200  -  1300  °C 
in  Ar,  H2  (hydrogenation)  or  N2  gas  (nitridation)  at  atmospheric  pressure  for  30  -  60  min. 
The  samples  were  then  cooled  rapidly  by  either  dropping  them  directly  into  silicone  oil,  or 
the  tube  in  which  they  were  heated  was  plunged  into  water.  The  material  was  either 
aluminium  doped  ([Al]  =  1  x  10^5  cm-3)  or  lightly  boron-doped  ([B]  =  5  x  10^4  cm-3) ,  both 
with  carbon  concentrations  less  than  2  x  10^^  cm'^.  The  samples  were  then  annealed  in  air 
or  in  a  radio-frequency  hydrogen  plasma  (13.56  MHz,  2  mbar,  40  W)  in  the  range  470  -  650 
for  periods  of  up  to  24  h.  It  was  found  that  the  various  STD  defects  have  different 
dissociation  temperatures,  allowing  selective  formation  of  a  particular  family  of  STDs  by 
the  choice  of  an  appropriate  anneal  temperature.  All  samples  were  wedged  and  polished 
and  IR  spectra  at  ~  10  K  were  obtained  with  a  Bruker  IFS  120  HR  interferometer  operated 
at  a  resolution  of  0.25  cm'^. 

Results  and  Discussion. 

Figure  la  shows  the  IR  electronic  absorption  lines  from  the  STDs  in  a  hydrogenated 
boron-doped  sample  following  an  anneal  at  470  °C  for  22h.  These  lines  (Table  1,  column  1) 
relate  to  oxygen  clusters  that  incorporate  a  hydrogen  atom  and  were  previously  linked  to 
the  NLIO  (H)  EPR  spectrum  [6].  Annealing  this  material  in  air  at  470  °C/16h  without  a 
pre-hydrogenation  treatment  produced  the  same  STD  centres  at  a  lower  concentration, 
indicating  that  hydrogen  is  present  in  the  as-grown  material.  The  absorption  lines  from 
the  STDs  generated  in  annealed  Al-doped  material  (Fig.  lb)  have  different  energies  (Table 
1,  column  3)  and  so  it  is  inferred  that  there  are  two  types  of  STD  centres,  STDN(H)  and 
STDN(Al).  IR  spectra  from  hydrogenated  Al-doped  material  (Fig.  Ic)  show  lines  from 
both  STDN(H)  and  STDN(Al)  demonstrating  that  the  two  types  of  STD  defect  can  co-exist 
in  samples  annealed  at  470  °C.  ENDOR  measurements  demonstrate  that  NLIO(H)  and 
NLIO(AI)  can  also  co-exist  in  such  samples  and  so  a  new  result  from  the  present  work  is 
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Wave  number  (cm'^) 

Fig.  1  IR  absorption  lines  (1s->2Pq  near  200  cnr^  and  ls->2p±  near  240  cnri)  detected  in 
samples  annealed  at  470°C.  (a)  Hydrogenated  boron-doped  Si  showing  the  STDN'(H)  spectrum, 
(b)  Al-doped  Si  pre-heated  in  Ar  showing  the  STDN(Al)  spectrum,  and  (c)  hydrogenated  Al- 
doped  Si  showing  the  superposition  of  the  STDN(H)  and  STDN(Al)  spectra.  The  vertical  lines 
are  guides  for  the  eye. 

that  we  can  relate  a  family  of  absorption  lines,  STDN(Al),  to  the  NLIO(AI)  spectrum.  Both 
Al-doped  and  boron-doped  material  also  showed  strong  absorption  from  TD  centres 
following  an  anneal  at  470  °C. 

Hydrogenated  samples  of  the  boron-  and  Al-doped  material,  given  a  second  anneal  at  550 
°C  for  16h,  showed  no  absorption  from  TON  centres  and  absorption  from  STDN(H) 
centres  was  barely  visible.  However,  the  same  treatment  given  to  the  Al-doped  sample, 
led  to  absorption  from  STDN(Al)  that  increased  in  strength  by  a  factor  of  ~  10 
demonstrating  that  these  centres  are  more  stable  than  STDN(H).  Following  a  further 
anneal  of  this  sample  at  650  °C/16h,  the  strengths  of  the  STDN(Al)  lines  decreased  by 
factors  of  2-5,  implying  some  degree  of  dissociation  at  this  higher  temperature. 

In  a  nitridated  boron-doped  sample  annealed  at  470  °C/24h,  IR  absorption  lines  relating 
to  STD]V(H)  dominated  the  spectrum,  although  other  weaker  lines  were  also  present  in  the 
same  spectral  region.  After  a  second  anneal  at  550°C/16h,  the  latter  lines  increased  in 
strength  by  a  factor  of  ~  5  (Fig.  2a)  while  absorption  from  STDN(H)  and  TON  centres  was 
greatly  reduced.  The  STD  transitions  in  this  material  (Table  1,  column  4)  are  different 
from  both  the  STDN(H)  (Fig.  2b)  and  STDN(Al)  (Fig.  2c)  transitions  and  are  labelled 
STDN(X)  where  X  is  an  unknown  component  of  the  donor.  For  a  nitridated  boron-doped 
sample  annealed  at  650  °C/16h,  all  absorption  from  STDN(X)  was  lost  showing  that  all 
these  centres  had  dissociated  after  this  long  period  of  annealing. 

The  present  IR  absorption  spectra  demonstrate  that  at  least  3  different  types  of  shallow 
thermal  donors  can  form  in  annealed  CZ  silicon.  ENDOR  measurements  of  the  NLIO 
spectrum  generated  in  a  nitridated  sample  annealed  at  550  °C  did  not  reveal  the  presence 
of  in  the  STDN(X)  core.  However,  29Si  ENDOR  measurements  revealed  the  presence 
of  hyperfine  interactions  larger  than  those  measured  for  the  NLIO(AI)  spectrum.  These 
differences  are  currently  under  investigation  but  there  is  a  possibility  that  there  is  a  third 
NLIO  spectrum,  labelled  NLIO(X),  which  we  could  relate  to  the  STDN(X)  transitions.  X  is 
an  unknown  constituent  of  the  defect  but  the  ENDOR  measurements  suggest  that  it  is  not 
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Fig.  2  IR  absorption  lines  (ls->2p±)  of  (a)  the  STDN(X)  spectrum  produced  in  Si  pre-heated  in 
nitrogen  gas  and  annealed  at  550°C,  (b)  the  STDN(H)  spectrum,  and  (c)  the  STDN(Al)  spectrum. 


necessarily  a  nitrogen  atom  even  though  the  material  was  annealed  in  N2  gas.  This 
conclusion  is  supported  by  IR  absorption  measurements  of  unannealed  samples  (float 
zone  and  CZ)  nitridated  at  1270  °C  for  1  h.  Localised  vibrational  modes  from  N-N  pairs 
were  not  detected,  indicating  that  the  concentration  of  such  pairs  introduced  by  our 
procedure  must  be  less  than  10^5  cm-3.  An  alternative  possibility  is  that  vacancies  are 
incorporated  in  the  STDN(X)  centres  instead  of  nitrogen.  It  is  well  known  from  diffusion 
measurements  of  buried  impurity  marker  layers  that  rapidly  diffusing  vacancies  are 
produced  at  the  surface  of  silicon  samples  heat  treated  at  high  temperatures  in  nitrogen 
gas  [16].  This  would  include  samples  grown  in  a  N2  atmosphere,  irrespective  of  whether 
or  not  the  melts  contained  Si3N4.  For  crystals  doped  with  Si3N4,  the  growth  atmosphere 
has  not  always  been  specified  but  nitrogen  atmospheres  have  been  used. 

We  now  compare  the  present  IR  measurements  with  published  STD  electronic  energies 
(Table  1).  The  energies  of  the  STDN(X)  lines  measured  in  our  nitridated  samples  (N2(Q)) 
coincide  with  those  quoted  in  Ref.  11  for  nitrogen-doped  samples  and  those  given  in  Ref. 
12  for  nitridated  samples.  The  latter  data  were  obtained  by  photo-thermal  ionisation 
spectroscopy  (PTIS)  and  agree  with  our  IR  absorption  measurements  for  the  same  sample 
(column(a)).  On  the  other  hand,  transitions  measured  for  samples  heated  in  N2  gas  and 
then  annealed  at  480°C  [14]  coincide  with  the  STDN(H)  transitions.  At  this  lower  anneal 
temperature,  STDN(X)  defects  may  also  have  been  present  but  the  transitions  may  have 
been  obscured  by  stronger  STDN(H)  lines,  as  found  in  the  present  work.  Finally,  STDs 
have  been  reported  in  hydrogenated,  electron-irradiated  material  [17]  and  may 
correspond  to  STDN(H)  transitions.  It  was  speculated  that  these  centres  incorporated  both 
a  lattice  vacancy  and  hydrogen  but  the  presence  of  hydrogen  was  not  demonstrated. 

We  have  suggested  previously  that  STDN(H)  and  NLIO(H)  centres  are  TDN  defects 
passivated  by  a  single  H  atom  [6,9].  However,  our  measurements  show  that  STDN(H)  is 
stable  up  to  500°C  in  contrast  to  deep-level  transient  spectroscopy  (DLTS)  measurements 
which  show  that  passivated  TDs  (predominately  TDl  and  TD2)  dissociate  at  ~  200  °C  [18]. 
Since  the  H  atoms  in  these  defects  are  most  likely  bonded  to  either  O  or  Si,  the  DLTS 
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H2(Q) 

STDN(H) 

(Ref.  14) 

STDN(Al) 

N2(Q) 

STDN(X) 

(a)  PTIS  [12] 

(Ref.  11) 

- 

184.6 

187.4 

187.0 

187.8 

188.0 

190.7 

189.7 

190.9 

191.1 

190.9 

190.8 

195.4 

195.0 

194.7 

194.8 

194.9 

195.0 

198.2 

198.lb 

198.3 

197.6 

197.7 

197.6 

197.7 

198.9 

204.2 

204.2b 

204.1 

200.3 

200.2 

203.8 

208.7 

206.4 

207.3 

207.5 

207.3 

207.4 

226.1 

225.5 

- 

230.6 

229.3 

230.7 

230.9 

- 

233.7 

232.3 

233.8 

233.8 

233.8 

233.7 

238.4 

238.2 

237.4 

237.8 

237.8 

237.9 

237.9 

241.1 

241.lb 

- 

240.4 

240.4 

240.4 

240.5 

_ 

242.5 

242.4 

242.4 

246.8 

246.7b 

247.1 

246.8 

- 

249.7b 

248.6 

249.8 

249.9 

249.6 

249.9 

253.6 

- 

256.9 

257.0 

- 

264.5 

259.9 

260.2 

260.3 

- 

264.2 

266.6 

266.7 

266.5 

266.7 

267.1 

267.2 

267.3 

268.9 

268.7 

268.8 

273.0 

273.3 

274.1 

273.9 

278.5 

276.1 

275.1 

276.2 

276.2 

275.9 

TABLE  1.  The  frequencies  (cm~^)  of  the  IR  transitions  of  STDN(H),  STDN(Al)  and 
STDN(X)  shallow  thermal  donors  and  comparisons  with  published  work,  (a)  Our  IR  data  for 
a  sample  (MPI,  Stuttgart)  previously  measured  by  PTIS  (Ref  12).  (b)  Lines  also  reported  in 
Ref.  17  for  irradiated,  hydrogenated  silicon.  Q  indicates  quenched  samples. 

measurements  are  consistent  with  the  expectation  that  H-O  and  H-Si  bonds  would 
dissociate  at  T  «  500  °C.  We  considered  the  possibility  that  STDN(H)  defects  are  formed 
by  H  passivation  of  TDs  as  the  samples  cool  to  room  temperature.  To  test  this  idea,  a 
hydrogenated  boron-doped  sample  was  cut  into  two  pieces  that  were  aimealed  together  at 
470°C/16h.  One  piece  was  cooled  rapidly  by  dropping  it  into  liquid  nitrogen  while  the 
other  piece  was  cooled  slowly  over  a  period  of  16  h.  There  was  no  difference  in  the 
strength  of  the  resulting  STDN(H)  spectra  suggesting  that  these  defects  are  not  formed 
during  the  cooling  period.  We  conclude  that  STDN(H)  centres  have  slightly  different 
structures  to  hydrogen  passivated  TD  centres. 

Another  possibility  is  that  STDN(H)  centres  incorporate  a  carbon  atom  in  the  defect  core. 
In  this  case,  a  stronger  H-C  bond  would  form  which  could  be  stable  up  to  ~  500  °C.  This 
was  investigated  by  annealing  a  hydrogenated,  carbon  contaminated  sample  ([C]  =  2  x 
10^^  cm‘3)  at  a  temperature  of  470°C  for  16h.  However,  this  sample  showed  no  IR 
absorption  from  STDN(H)  centres  and  only  very  weak  absorption  from  TON  centres  and 
so  we  find  no  evidence  to  support  this  proposal.  Evidently  the  hydrogen  passivation  of 
extended  defects  is  more  complex  than  the  passivation  of  simple  point  defects. 
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Conclusions. 

We  have  demonstrated  that  three  types  of  STD  defect  relating  to  the  clustering  of  oxygen 
atoms  can  exist  in  armealed  CZ  Si.  Each  defect  gives  rise  to  a  characteristic  family  of  IR 
electronic  absorption  lines  and  therefore  can  be  distinguished  by  IR  absorption 
spectroscopy.  One  type  of  STD  defect  is  formed  exclusively  in  Al-doped  material  and  we 
relate  STDN(Al)  to  NLIO(AI).  The  second  type  of  STD  centre  incorporates  hydrogen  and 
can  be  formed  in  all  annealed  CZ  Si  since  H  is  always  present  at  low  concentrations  in  as- 
grown  material.  These  defects  also  give  rise  to  the  NLIO(H)  spectrum.  The  third  type  of 
shallow  thermal  donor,  STDN(X),  is  detected  in  nitridated  material  and  incorporates  a 
defect  or  impurity  that  we  label  X.  The  consensus  view,  based  on  circumstantial  evidence, 
is  still  that  X  corresponds  to  a  nitrogen  atom  since  the  absence  of  a  ENDOR  signal  in 
the  NLIO(X)  spectrum  could  be  explained  by  a  small  overlap  of  the  electron  wavefunction 
with  the  nitrogen  nucleus.  Alternatively,  we  suggest  that  nitridation  may  act  as  a  catalytic 
process  for  the  formation  of  STDN(X),  allowing  X  to  be  identified  with  a  lattice  vacancy. 
Finally,  we  note  that  the  thermal  stability  of  STDN(Al)  centres  is  greater  than  that  of 
STDN(X)  centres  that  are,  in  turn,  more  stable  than  STDN(H)  centres.  The  relative  stability 
of  the  STDN(Al)  defects  is  expected  since  the  formation  energy  of  AI2O3  (300  kcal/ mol)  is 
some  50  %  greater  than  that  of  Si02.  However,  the  high  thermal  stability  of  STDN(H) 
defects  suggests  that  bonds  other  than  H-Si  and  H-O  are  formed  in  these  centres. 
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Abstract 

Czochralski-grown  and  phosphorus-doped  (~  2  •  10‘'’cm-®)  silicon  samples  have  been  an¬ 
nealed  at  470  °C  in  nitrogen  ambient  for  durations  between  1  h  and  500  h.  The  samples 
were  subsequently  characterized  by  Fourier  transform  infrared  absorption  measurements  , 
photo-thermal  ionization  spectroscopy,  and  in  particular  various  electrical  techniques  such 
as  four  point  probe  resistivity  measurements,  admittance  spectroscopy  (ADSPEC),  ther¬ 
mally  stimulated  capacitance  measurements  (TSCAP),  capacitance-voltage  measurements 
and  deep  level  transient  spectroscopy.  An  increasing  concentration  of  free  carrier  electrons 
is  observed  at  room  temperature  with  increasing  anneal  time,  reaching  an  almost  constant 
value  of  ~  8  ■  lO^^cm”^  after  ~  25  -  50  h.  ADSPEC  and  TSCAP  measurements  performed  at 
frequencies  from  10^  to  10®  Hz  for  temperatures  between  14  and  300  K  revealed  the  presence 
of  ultra  shallow  donors  with  level  positions  gradually  shifting  from  --  35  meV  to  ~  25  meV 
below  the  conduction  band  edge  as  a  function  of  annealing  time.  The  samples  were  examined 
both  in  the  near  surface  region  (<  l/zra)  and  also  at  larger  depths  (~  15jum)  after  chemical 
etching,  and  within  the  experimental  accuracy  no  variations  in  the  concentration  and  energy 
position  of  the  donors  were  observed.  The  donor  complexes  are  most  likely  oxygen-related 
but  not  of  the  same  origin  as  the  so-called  shallow  thermal  donors  (STD’s). 


1  Introduction 

Czochralski  (Cz)  grown  silicon  contains  oxygen  impurities  in  interstitial  sites  normally  up 
to  concentrations  of  lO'®  cm"®.  This  oxygen  is  super-saturated  at  temperatures  below  the 
melting  point,  and  heat  treatments  therefore  cause  precipitates  and  clusters  to  form.  Since 
1954[1]  it  is  known  that  heat  treatments  in  the  range  300-500  °C  cause  thermal  donors 
(TD’s)  to  be  produced,  and  since  then  it  is  one  of  the  most  studied  defect  phenomenon 
in  Si.  TD’s  are  known  to  contain  oxygen,  and  over  the  years  both  thermal  double  donors 
(TDD’s)[2,  3]  and  single  donors,  with  more  shallow  energy  position  than  TDD’s  and 
therefore  called  shallow  thermal  donors  (STD’s)[4,  5],  have  been  found.  The  microscopical 
structures  of  the  TD’s  are  still  not  fully  known,  and  the  determination  of  these  has  proven 
to  be  one  of  the  greatest  challenges  in  defect  physics  of  semiconductors. 

The  TDD’s  are  known  to  exist  in  up  to  16  different  species  [6,  7]  with  the  neutral 
species  having  energy  positions  in  the  range  of  69-53  meV  below  the  conduction  band 
edge  (Ec),  and  the  singly  ionized  species  in  the  range  156-118  meV  below  Ec  for  the  first 
nine  evolving  defects [8],  with  each  new  defect  level  approaching  the  conduction  band.  In 
parallel  with  the  production  of  TDD’s,  the  single  donors  STD’s  at  35-37  meV  below  Ec 
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emerge[8].  They  give  rise  to  IR  electronic  absorption  bands  below  ■~300  cm“^[9]  and  an 
electronic  paramagnetic  resonance  (EPR)  signal  called  NL-10[10]. 

The  STD  has  been  argued  to  be  formed  either  by  an  alternative  clustering  path  to 
the  TDD  [11]  or  by  singly  passivating  existing  TDD[12,  13].  There  is  strong  evidence  from 
electronic  nuclear  double  resonance  (ENDOR)  and  EPR-measurements  that  hydrogen  can 
be  part  of  the  STD  core  [12,  13],  and  that  nitrogen  affects  the  formation  of  both  TDD’s 
and  STD’s  [5,  14,  15,  16].  Nitrogen  has,  however,  never  been  identified  as  part  of  the  core 
of  STD,  and  it  is  disputed  whether  nitrogen  exists  as  a  catalyst  or  as  a  constitutient[ll, 
14,  15,  16].  Further,  theoretical  analysis  has  shown[17]  that  shallow  defects  could  be 
constructed  from  either  nitrogen-oxygen  complexes  or  carbon-oxygen  complexes  with  very 
similar  electronic  properties,  which  could  explain  how  the  STD  defects  have  been  created 
without  the  presence  of  nitrogen  in  several  experiments  [15,  18]. 

Hydrogen  is  another  element  of  concern  related  to  the  STD’s,  as  it  has  been  shown 
to  form  five  types  of  shallow  donors  [19].  McQuaid  et  al.[19]  discussed  the  idea  that  STD’s 
are  different  forms  of  singly  passivated  TDD’s,  and  that  one  formation  path  is  conversion 
of  a  deep  donor  to  a  shallow  single  donor  by  complexing  with  hydrogen.  Another  group 
proposed  from  electron-nuclear  double  resonance  (ENDOR)  measurements  that  NL-10 
has  hydrogen  as  part  of  its  core[12].  Indeed,  IR  measurements  made  on  annealed  hydro¬ 
genated  CZ  Si  samples  show  STD  evolution  where  the  positions  of  the  vibrational  bands 
shift  when  deuterium  is  used  instead  of  hydrogen[13].  On  these  hydrogenated  samples 
ENDOR  measurements  were  made  which  inferred  that  the  defects  giving  rise  to  STD’s 
were  partially  passivated  TDD’s.  No  evidence  of  neither  nitrogen  nor  carbon  in  the  defects 
was  found  by  these  measurements. 

Photo  thermal  ionization  spectroscopy  (PTIS)  measurements  on  CZ  Si  annealed 
at  450  °C  show  an  ionization  continuum  above  210  cm“^  (~26  meV)[9],  and  the  aim  of 
this  contribution  is  to  report  on  a  set  of  thermal  donors  in  this  very  shallow  energy  regime. 
These  ultra-shallow  thermal  donors  (USTD’s)  have  been  found  to  form  in  Cz-Si  at  470 
°C  during  long  annealing  times.  They  occur  with  a  high  concentration(~  10^®cm“^),  and 
with  energy  levels  closer  to  Ec  than  the  STD’s.  They  are  single  donors,  and  increase  to  a 
maximum  concentration  on  the  order  of  10^®  cm“®  after  100  hours.  This  is  one  order  of 
magnitude  higher  than  what  have  previously  been  reported  for  the  STD’s  [8,  10],  and  in 
our  experiments  USTD’s  are  the  dominant  electrical  centers. 


2  Experiments 

The  Si-material  used  throughout  the  experiments  was  as-received  Cz-grown  from  Virginia 
Semiconductors,  Inc.  It  was  doped  with  phosphorus  to  ~  2  •  10^‘‘cm“^,  with  an  intrinsic 
content  of  oxygen  and  carbon  ~  7  ■  lO^^crn”®  and  <  2  ■  10^®cm“®,  respectively  as  de¬ 
termined  by  IR  measurements.  The  samples  were  annealed  in  nitrogen  atmosphere  at 
470  °C  from  2h  to  504h.  Resistivity  measurements  using  a  4-point  probe  were  made  on 
all  samples.  Schottky  contacts  of  gold  were  grown  on  the  samples  after  a  standard  sur¬ 
face  cleaning  procedure  in  order  to  enable  electrical  analysis  by  admittance  spectroscopy 
(ADSPEC)[20],  thermally  stimulated  spectroscopy  (TSCAP)[20]  and  deep  level  transient 
spectroscopy  (DLTS)[21].  The  samples  were  mounted  in  T05-headers  and  cooled  using 
a  closed  cycle,  double  stage  cryostat  from  APD  Cryogenics,  DE-202.  The  measurements 
were  made  from  14  K  to  room  temperature  at  a  reverse  bias  voltage  of  5V.  For  measuring 
the  temperature  a  Si-diode  was  mounted  in  a  T05-header  with  a  symmetric  position  to 
that  of  the  sample-header  in  the  cryostat,  to  ensure  maximum  accuracy  of  the  tempera¬ 
ture  reading.  Measurements  were  conducted  using  a  sweep  frequency  capacitance-voltage 
(C-V)  meter,  HP4284A,  and  as  a  result  of  the  CV-curves,  the  concentration  of  free  car¬ 
riers  was  obtained  as  a  function  of  temperature.  Some  selected  samples  were  chemically 
etched  to  a  depth  of  15  /rm  in  order  to  distinguish  between  surface  and  bulk  effects.  The 
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etchings  was  made  in  80  °C  KOH  for  16  minutes  during  stirring.  We  also  performed 
DLTS-measurements,  using  the  same  setup  as  described  above  plus  a  pulse  generator 
HP8110A,  and  HP4280A  IMHz  C(t)-meter  for  time  resolved  capacitance  measurements. 
All  the  measurements  were  controlled  by  a  PC  via  a  GPIB  bus. 

3  Results  and  discussion 

Figure  1  shows  results  from  four  point  probe  measurements  performed  at  room  tempera¬ 
ture  using  samples  annealed  at  470  °C  for  different  times  between  2h  and  504h.  Compared 
to  the  initial  electron  concentration  of  2  x  10^^  cm“^,  given  by  the  phosphorus  donors,  a 
large  increase  of  more  than  one  order  of  magnitude  takes  place  within  the  first  50h  before 
a  maximum  of  almost  10^®  cm“^  is  reached  at  lOOh.  At  longer  times  a  gradual  decrease 
occurs.  The  carrier  concentration  values  are  deduced  from  the  measured  resistivity  data 
applying  the  so-called  Irvin  curve  for  phosphorus  [22]  and  assuming  a  uniform  distribution 
through  the  samples.  This  assumption  is  confirmed  by  carrier  concentration  versus  depth 
profiles  obtained  from  C-V  measurements,  which  is  illustrated  in  figure  2  displaying  data 
from  a  sample  annealed  for  15h.  A  small  decrease  is  only  observed  in  the  near  surface 
region  at  depths  less  than  ~  1.5/rm  while  a  constant  level  occurs  at  large  depths  towards 
the  bulk,  as  also  substantiated  by  results  from  samples  chemically  etched  to  depths  in 
excess  of  15/im. 


xio'® 


Depth  [nm] 

Annealing  time  [h] 


Figure  1:  Carrier  concentrations  at  room  Figure  2;  Carrier  concentration  at  room 
temperature  as  a  function  of  annealing  temperature  as  a  function  of  sample 
time  at  470  °C.  depth. 

Conductance  versus  temperature  curves  obtained  at  a  sampling  frequency  of 
IMHz  for  samples  annealed  at  2h,  15h,  50h  and  96h  are  compared  with  that  for  an 
as-grown  sample  in  figure  3.  In  addition  to  the  ’classical’  TDD’s  and  the  phosphorus 
donor,  one  ultra  shallow  level  is  observed  which  shifts  to  lower  temperatures  and  becomes 
increasingly  dominant  with  increasing  time,  e.g.,  after  96h  more  than  80  %  of  the  conduc¬ 
tion  electrons  originate  from  this  ultra  shallow  thermal  donor  (USTD).  As  expected,  the 
level  associated  with  the  TDD’s  exhibit  a  minor  shift  with  annealing  time;  their  positions 
in  the  bandgap  were  also  determined  by  low-temperature  DLTS  and  found  to  be  identi¬ 
cal  with  that  reported  previously  in  the  literature[2,  8,  7].  However  the  influence  of  the 
TDD’s  with  respect  to  the  total  electron  concentration  is  small  and  even  in  the  sample 
annealed  for  2h  the  relative  contribution  is  less  than  30  %.  After  504h  all  the  TDD’s 
have  essentially  been  annealed  out  while  the  USTD’s  still  prevail  with  a  concentration 
6  -  7  X  10^®  cm-^ 

Arrhenius  plots  deduced  from  conductance  versus  temperature  measurements  at 
frequencies  between  10®  and  10®  Hz  (ADSPEC  analysis)  are  shown  in  figure  4  for  as- 
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Figure  3:  Conductance  as  a  function  of  Figure  4:  Arrhenius  plot  showing  the  dif- 
temperature  changes  with  annealing  tern-  ference  in  energy  position  for  the  most 

perature.  Ultra  shallow  donors  emerge.  shallow  significant  defect  in  as-grown  ma¬ 

terial  and  96h  annealed  material. 

grown  sample  and  annealed  (96h)  samples.  The  value  obtained  for  donor  energy  level  in 
the  as-grown  sample  (~Ec-41  meV)  is  associated  with  phosphorus  while  the  position  of 
the  USTD  level  in  the  96h  annealed  sample  is  significantly  shallower  (~Ec-26  meV) .  The 
capture  cross  sections  extracted  by  extrapolation  of  the  Arrhenius  plots  are  in  the  range  of 
~  10“^°  cm^  for  both  levels.  Further  TSCAP  and  ADSPEC  analysis  of  chemically  etched 
samples  yielded  identical  results  for  the  energy  positions  as  in  figure  4,  emphasizing  that 
the  existence  of  USTD’s  is  a  bulk  phenomenon. 

Figure  5  shows  the  position  of  the  most  shallow  donor  level  as  a  function  of  the 
annealing  time,  and  in  particular,  a  rapid  shift  towards  E^  occurs  initially  (up  to  ~50h) 
while  at  longer  times  (more  than  ~  100h)the  position  remains  almost  constant.  These 
data  may  indicate  a  gradual  evolution  of  the  USTD’s  up  to  a  saturation  in  their  concen¬ 
tration  and  that  the  atomic  configuration  is  fully  developed  at  longer  times.  In  figure  6 
the  dominating  contribution  of  the  USTD’s  to  the  conduction  electrons  is  illustrated  by 
capacitance  versus  temperature  data  using  a  sample  annealed  for  200h.  The  TDD’s  give 
rise  to  a  small  but  noticeable  increase  at  ~  70  —  90K  (TDD(-I-/-I— I-))  and  ~  35  —  45K 
(TDD(0/d-))  where  the  latter  is  more  difficult  to  resolve  since  it  follows  closely  after  the 
contributions  from  the  STD’s  and  the  phosphorus  donors.  PTIS  measurements  were  per¬ 
formed  on  some  selected  samples  and  in  addition  to  the  distinct  electronic  transitions  at 
~E(.  —  35  meV,  which  exhibited  concentrations  of  <  10^®  cm"®  and  are  associated  with 
the  STD’s[9],  a  broad  ionization  spectrum  was  observed  above  ~  200  cm“U  The  position 
of  this  spectrum  corresponds  to  >  23  meV  below  Ec  and  it  is  very  tempting  to  make  an 
association  with  the  USTD’s.  In  this  context  it  should  be  mentioned  that  also  Navarro 
et  al.  [9]  found  a  broad  ionization  spectrum  in  their  samples  but  no  detailed  discussion 
was  given. 

Finally,  the  formation  kinetics  of  TD’s  has  been  investigated  by  numerous  groups 
and  a  basic  problem  is  to  account  for  the  fast  formation  rate  of  TDD’s,  STD’s  and  now 
USTD’s  compared  to  the  diffusivity  of  interstitial  oxygen  atoms.  A  common  concept  is 
to  introduce  a  fast  diffusing  species  like  for  example  the  oxygen  dimer,  which  acts  as  a 
precursor  to  the  TDD’s  but  is  not  electrically  active  itself.  Recently,  an  IR  absorption 
band  at  1012  cm“^  has  been  attributed  to  the  oxygen  dimer[23]  and  a  broad  sub-band 
at  the  same  wavenumber  is  created  subsequently  and  preliminary  data  indicate  that  the 
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Energy  level  position  for  the  most  shallow  Capacitance  as  a  function  of  temperature 
donors  as  a  function  of  annealing  temper-  using  a  measurement  frequency  of  IMHz. 

ature.  As  the  positions  shifts  towards  the  The  major  increase  occurs  at  such  temper- 

conduction  band,  the  concentrations  of  de-  atures  where  the  STD’s  or  phosphorus  are 
fects  also  increases.  not  ionized. 

Figure  5;  Figure  6; 

strength  of  this  broad  band  correlates  with  the  concentration  of  USTD’s.  This  correlation 
is  to  be  investigated  in  further  work. 

4  Conclusions 

The  existence  of  ultra  shallow  thermal  donors  with  concentrations  as  high  as  ~  10'® 
cm“®  and  positions  as  shallow  as  Ec-25  meV  is  shown  in  Cz-Si  samples  annealed  at  470 
°C  for  times  up  to  ~  500h.  The  STD’s  and  the  classical  TDD’s  have  previously  been 
thought  to  cause  the  large  increase  of  free  carriers  when  annealing  Cz-Si  in  the  range 
300-500  °C.  There  is  now  reason  to  question  this,  as  we  attribute  the  larger  part  of  free 
carrier  concentration  in  470  °C  annealed  Cz-Si  to  originate  from  USTD  levels  between 
25  meV  and  35  meV  below  E,..  Further  work  is  in  progress  to  determine  the  thermal 
stability  of  the  USTD’s,  and  also  to  reveal  their  identity.  Current  data  indicate  that  the 
USTD’s  are  more  stable  than  the  TDD’s  (and  the  STD’s). 
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Abstract. 

Local  vibrational  modes  of  two  oxygen-hydrogen  complexes  have  been  identified  with  infi-ared 
absorption  spectroscopy.  Samples  of  intrinsic  silicon  and  samples  doped  with  *®0  or  **0  isotopes  were 
implanted  with  protons  and  deuterons  at  ~20  K.  After  the  implantation,  infrared  absorbance  spectra  were 
measured  at  8  K  on  unannealed  samples.  An  oxygen  mode  at  1077  cm'*  and  a  hydrogen  mode  at  1879 
cm'*,  which  originate  from  the  same  defect  OH,  were  observed  in  the  as-implanted  samples.  Heat- 
treatment  at  200  K  produced  a  new  center  OJT„  with  modes  at  1028  and  1830  cm'*.  OH,  anneals  out 
at  ~  130  K  while  OH„  is  stable  up  to  -240  K.  OH,  and  OH„  are  tentatively  identified  with  two 
complexes  of  interstitial  oxygen  and  bond-centred  hydrogen.  Ab  initio  theory  was  applied  to  calculate 
the  structure  and  local  modes  of  three  such  complexes.  The  results  qualitatively  support  our  tentative 
assignments. 

Introduction 

Oxygen  atoms  are  abundant  impurities  in  crystalline  silicon  with  concentrations  ranging  from  about  10** 
cm'^  in  float-zone  (Fz)  material  to  10**  cm'*  in  Czochralski-grown  (Cz)  material.  The  importance  of 
oxygen  was  realized  in  the  early  days  of  semiconductor  technology  and  therefore,  the  properties  of 
oxygen  impurities  in  silicon  have  been  addressed  in  numerous  publications[l].  A  large  part  of  the  activity 
has  dealt  with  clustering  of  oxygen  in  Cz  silicon[2].  The  clustering  is  governed  by  the  migration  of 
oxygen  and  oxygen-related  complexes.  Of  particular  interest  to  this  work,  hydrogen  in  silicon  is  known 
to  enhance  the  diffusion  of  oxygen  about  two  orders  of  magnitude  in  the  temperature  range  250- 
400°C[3-6].  The  enhancement  is  caused  by  a  catalytic  process,  believed  to  involve  an  oxygen-hydrogen 
complex  in  which  the  activation  energy  associated  with  atomic  jumps  of  the  oxygen  is  reduced. 
Identification  of  the  structure  of  this  complex  may  provide  us  with  a  starting  point  for  a  detailed 
understanding  of  the  catalytic  process. 

The  interaction  of  hydrogen  with  interstitial  oxygen  (O; )  has  been  investigated  theoretically  by  three 
groups[7-10],  who  all  agree  that  in  the  minimum-energy  configuration,  no  oxygen-hydrogen  bond  is 
formed.  The  calculated  equilibrium  structures  differ,  however.  Estreicher[7]  found  that  in  the  neutral 
charge  state,  the  oxygen  and  hydrogen  atoms  occupy  two  neighbouring  bond-centre  (BC)  sites.  In 
contrast,  Jones  et  al.[8,9]  found  that  the  stable  site  for  the  hydrogen  atom  is  an  antibonding  (AB)  site 
opposite  to  the  interstitial  oxygen.  Recently,  Ramamoorthy  and  Pantelides[10]  found  that  in  the  neutral 
and  positive  charge  states  oxygen  and  hydrogen  occupy  two  neighbouring  BC  sites  while  in  the  negative 
charge  state  the  AB  site  opposite  to  the  oxygen  is  the  stable  site  for  the  hydrogen.  The  binding  energies 
of  the  Oj  -Hbc  complex  was  found  to  be  0.5  eV,  0.3eV,  and  0.4  eV  for  the  positive,  the  neutral,  and  the 
negative  charge  states,  respectively[10]. 

There  is  little  experimental  evidence  for  the  existence  of  O-H  complexes  in  silicon.  Qi  et  al.[l  1]  assigned 
Si-H  stretch  modes  at  1894,  2123,  and  2191  cm'*  to  complexes.  These  modes  were  observed  in 
neutron-irradiated  Fz  silicon  doped  with  hydrogen  during  growth.  The  assignments  were  based  solely 
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on  a  positive  correlation  between  the  intensities  of  the  Si-H  modes  and  the  intensity  of  the  Oj  mode  at 
1136  cm"'.  No  oxygen  modes  related  to  centres  responsible  for  the  Si-H  stretch  modes  were  reported. 
Mukashev  et  al.[12,13]  found  two  modes  at  870  and  891  cm'‘  in  proton-implanted  Cz  silicon,  which  they 
ascribed  to  the  A-centre  (vacancy-oxygen  complex)  containing  one  and  two  hydrogen  atoms.  No 
correlated  hydrogen  modes  were  reported.  A  similar  investigation  was  carried  out  by  Tatarkiewicz  and 
Witthuhn[14],  who  found  no  evidence  for  0-H complexes.  Recently,  Markevich  et  al.[15,16]  succeeded 
in  observing  a  local  mode  at  1075  cm'*  in  Cz  silicon,  which  had  been  heat-treated  in  a  hydrogen 
atmosphere  at  1200  °C  and  subsequently  quenched  at  0  "C.  This  mode  shifted  upwards  in  frequency  by 
1.3  cm'*  when  the  heat-treatment  was  done  in  a  deuterium  atmosphere[15],  establishing  that  hydrogen 
is  involved  in  the  centre.  From  measurements  on  samples  co-doped  with  hydrogen  and  deuterium  it  was 
concluded  that  the  1075-cm'*  centre  contains  a  single  hydrogen.  Moreover,  the  mode  was  not  observed 
in  Fz  material  and  it  was  concluded  that  the  centre  also  contains  a  single  oxygen.  Very  recent  work  by 
Pritchard  and  co-workers[17]  suggests  that  the  1075-cm'*  band  originates  from  defects  which  contain 
a  hydrogen  molecule  and  a  single  oxygen  atom. 

This  paper  reports  on  the  observation  of  two  weakly  bound  0-H  complexes,  denoted  OHj  and  OH^i. 
Oxygen  and  hydrogen  local  vibrational  modes  of  both  complexes  have  been  observed  with  infrared 
absorption  spectroscopy.  It  is  directly  shown  that  the  two  complexes  each  contain  a  single  hydrogen  and 
an  oxygen.  Based  on  the  local  mode  frequencies  and  their  relative  intensities,  it  is  suggested  that  both 
complexes  consist  of  a  bond-centred  hydrogen  in  its  positive  charge  state  (Hgc^)  bound  to  a  nearby 
interstitial  oxygen.  Ab  initio  local  density  functional  cluster  theory  has  been  applied  to  calculate  the 
structure  and  the  local  vibrational  modes  of  Oj  -Hgc*  complexes  with  located  at  the  first-,  second-, 
and  third-nearest  neighbour  bond-centre  sites  to  the  interstitial  oxygen.  The  results  suggest  that  OH,  and 
correspond  to  structures  with  Hgc^  occupying  the  second-,  third-,  or  fourth-nearest  neighbour 
bond-centre  sites  to  an  interstitial  oxygen. 

Experimental 

Below  a  brief  account  of  the  experimental  details  is  presented.  A  more  thorough  description  is  deferred 
to  a  subsequent  publication.  Samples  with  dimensions  ~  8  x  8  x  2  mm^  were  cut  from  ordinary  Fz  and 
Cz  silicon  with  high  resistivity.  The  oxygen  concentrations  were  S5xl0*^  cm'^  in  the  Fz  samples  and 
5.5x10*’  cm'^  in  the  Cz  material.  In  addition  a  few  samples  were  cut  from  material  doped  with  the  **0 
isotope.  In  this  material,  the  concentration  of  **0  was  9.0x10*’  cm'^  and  that  of  *®0  was  0.3x10*’  cm^. 
The  samples  were  mounted  directly  on  the  cold  finger  of  a  high-power  closed-cycle  helium  cryostat 
(cryocooler),  equipped  for  optical  transmission  measurements.  With  this  setup,  the  sample  temperature 
could  be  controlled  in  the  range  8  -  320  K.  The  cylindrical  vacuum  shroud  had  four  windows,  two  made 
from  5mm  thick  Csl  crystals  and  two  made  from  0.2  mm  thick  aluminium  foil.  The  vacuum  shroud 
could  be  rotated  without  breaking  the  vacuum.  Thus,  it  was  possible  to  implant  the  samples  at  low 
temperatures  through  the  aluminium  windows  and  subsequently  measure  the  infrared  transmission 
through  the  Csl  windows. 

The  samples  were  implanted  with  protons  and/or  deuterons  at  30-60  different  energies.  The  temperature 
of  the  sample  was  kept  below  20  K  during  the  implantation.  The  dose  implanted  at  each  energy  was 
adjusted  in  order  to  obtain  a  rather  uniform  depth  distribution  of  implants.  The  local  concentration  of 
hydrogen  isotopes  was  3.3x10*’  cm'^  and  the  profiles  extended  from  the  sample  surface  to  a  depth  of 
0.60  mm  for  protons  and  0.30  mm  for  deuterons.  In  samples  co-implanted  with  both  isotopes,  the 
hydrogen  profile  only  extended  to  a  depth  of  0.30  mm  to  match  the  deuterium  profile. 

After  the  implantation,  the  cryostat  was  transported  from  the  accelerator  to  the  infrared  spectrometer. 
The  cryocooler  was  switched  off  during  transport,  but  the  temperature  never  exceeded  20  K.  The 
cryostat  was  then  mounted  to  a  Nicolet,  System  800,  FTIR  spectrometer,  covering  the  spectral  range 
from  600  to  5000  cm'*.  The  resolution  was  1.0  cm'*  ,  and  the  sample  temperature  was  8  K  during 
measurements. 
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Fig.  1.  Sections  of  absorbance  spectra  recorded  after  proton  implantation  and  after  annealing  at  200  K. 


Results  and  discussion 

Sections  of  the  absorbance  spectra  measured  at  8  K  directly  after  implantation  of  protons  are  shown  in 
Fig.  1.  In  Fz  material,  only  one  major  absorption  line  at  1998  cm"'  is  observed.  At  80  K,  this  line  is 
broadened  substantially  and  shifted  down  to  1990  cm"'.  Thus,  it  is  the  same  line  as  that  observed 
previously  by  Stein[18].  The  line  frequency  shifts  down  with  a  factor  of  about  1/72  to  1449  cm"'  when 
protons  are  substituted  by  deuterons.  Hence,  the  line  represents  a  local  vibrational  mode  of  hydrogen, 
and  in  agreement  with  Stein[18],  we  assign  it  to  a  Si-H  stretch  mode.  Recently,  we  have  shown[19]  that 
the  annealing  behaviour  of  the  1998-cm"'  mode  is  identical  to  that  of  the  AA9-signal[20],  which  is 
known  to  originate  from  isolated  hydrogen  at  the  BC  site.  In  addition,  it  was  possible  to  show[19]  that 
the  1998-cm"'  mode  is  related  to  the  positive  charge  state  of  the  defect  (HgcO  •  In  Fz  material,  virtually 
all  the  implanted  protons  end  up  at  BC  sites.  Since  the  implanted  dose  is  known,  we  could  deduce  the 
effective  charge  t]  of  the  mode,  which  may  be  defined  by  the  formula: 


27t^  N  1]^ 
rij^  c  M 


(1) 


where  a  is  the  absorption  coefficient,  the  refractive  index,  c  the  velocity  of  light,  and  M  the  mass  of 
the  impurity.  From  this  it  was  found  that  77  =  1.8e,  which  is  much  larger  than  the  values  expected  from 
theory  for  Si-H  stretch  modes  of  defects  in  their  neutral  charge  state[21] 
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The  spectra  recorded  on  proton-implanted  Cz  material  are  also  shown  in  Fig.  1.  Four  new  lines  absent 
in  the  Fz  spectra  are  observed,  two  at  1028  and  1077  cm'*  close  to  the  1 136-cm  ^  mode  of  interstitial 
oxygen,  and  two  at  1879  and  1830  cm'*  close  to  the  1998-cm'*  mode  of  bond-centred  hydrogen.  The 
lines  at  1028  and  1830  cm'*  grow  in  intensity  while  the  lines  at  1077  and  1879  cm'*  disappear  completely 
after  a  15  min.  heat-treatment  at  200  K. 
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Fig.  2.  Spectra  measured  on  ‘*0-  or  '*0-doped  samples  implanted  with  protons  or  deuterons. 


In  Fig  2.  spectra  recorded  on  ‘®0-doped  (Cz)  and'*  0-doped  samples  implanted  with  protons  and 
deuterons  are  compared.  The  spectra  measured  just  after  the  implantations  show  that  the  line  at  1077 
cm"'  shifts  downwards  in  frequency  to  1028  cm'*  when  '*0  is  substituted  by  '*0,  and  that  at  1879  cm 
shifts  downwards  to  1358  cm'*  when  protons  are  replaced  by  deuterons.  This  establishes  that  the  lines 
at  1077  and  1879  cm'*  represent  local  vibrational  modes  of  oxygen  and  hydrogen,  respectively.  The 
spectra  recorded  after  heat -treatment  at  200  K  show  similarly,  that  the  line  at  1028  cm  shifts  to  987 
cm''  when  '"O  is  replaced  by ‘*0,  and  that  the  1830-cm''  line  shifts  to  1329  cm'*  when  deuterons  are 
implanted  instead  of  protons.  Hence,  the  1028-cm'*  line  represents  an  oxygen  mode  whereas  the  1830- 
cm''  line  represents  a  local  mode  of  hydrogen. 

The  intensities  of  the  modes  were  measured  at  8  K  after  each  step  in  a  sequence  of  15-niinutes 
annealings.  The  first  annealing  was  carried  out  at  20  K,  and  the  temperature  was  increased  by  20  K 
between  each  step.  After  annealing  at  about  100  K,  a  new  absorption  line  begins  to  overlap  with  the 
hydrogen  mode  at  1879  cm'*,  making  it  difficult  to  establish  the  annealing  behaviour  of  the  1879-cm'* 
mode  accurately.  Fortunately,  the  corresponding  deuterium  mode  at  1358  do  not  overlap  with  other 
lines.  The  intensities  of  the  1077  and  1358  cm'*  modes  as  a  function  of  annealing  temperature  are  shown 
in  Fig.  3  together  with  those  for  the  modes  at  1028  and  1830  cm  *. 

As  can  be  seen  from  the  figure,  the  modes  at  1077  and  1358  cm*  modes  have  identical  annealing 
behaviour,  and  the  same  applies  to  the  modes  at  1028  and  1830  cm'*.  This  suggests  that  the  modes  at 
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1077  and  1879  (and  1358)  cm"'  originate  from  the  same  defect,  as  do  the  modes  at  1028  and  1830  cm"'. 
Since  the  effective  charge  is  expected  to  be  the  same  for  different  isotopes,  the  ratio  /  MJq  should 

be  a  constant  for  hydrogen  and  oxygen  modes  associated  with  the  same  defect,  independent  of  the 
mixture  of  hydrogen  and  oxygen  isotopes.  The  ratio  /  MqIq  is  within  20%  constant  for  the  'H  / 
modes  at  1879/1358  cm"'  and  the  '*0  /  modes  at  1077/1028  cm"’  in  all  the  as-implanted  samples.  For 
the  'H  /  ^  modes  at  1830/1329  cm"'  and  the  **0/  '*0  modes  at  1028/987  cm"',  the  value  of  Mffu  /  MJq 
is  constant  within  10%  in  all  samples  annealed  at  200  K.  On  this  basis,  we  conclude  that  the  and  'H 
modes  at  1077  and  1879  cm"*  originate  from  an  oxygen-hydrogen  defect  denoted  OHj,  and  that  the  '*0 
and  'H  modes  at  1028  and  1830  belongs  to  another  oxygen-hydrogen  complex  denoted  OHjj. 
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Fig.  3.  Annealing  behaviours  of  modes  at  1077  and  1358  cm"',  and  modes  at  1028  and  1830  cm"'. 


Information  on  the  number  of  hydrogen  atoms  involved  in  OH,  and  OH„  was  obtained  from  spectra 
measured  on  Cz  samples  co-implanted  with  protons  and  deuterons.  Besides  the  hydrogen  and  deuterium 
modes  at  1879  and  1358  cm"',  and  at  1830  and  1329  cm"',  no  new  modes  were  observed.  Hence,  OH, 
and  OH„  both  contain  a  single  hydrogen.  Moreover,  since  oxygen  is  unable  to  migrate  below  room 
temperature,  both  centres  most  likely  involve  a  single  oxygen. 

The  frequencies  of  the  modes  observed  for  all  isotopic  configurations  of  the  OH,  and  OH„  centres  are 
reproduced  in  Table  I.  As  can  be  seen  from  the  table,  the  hydrogen  and  deuterium  modes  of  OH,  do  not 
shift  significantly  when  '*0  is  substituted  by  '*0.  The  '®0  mode  at  1076.9  cm"'  has  a  minute  shift  of  -0.2 
cm"'  when  deuterium  is  replaced  by  hydrogen.  Such  a  small  shift  is  at  the  limit  of  the  spectral  resolution 
and  may  be  an  artifact  introduced  by  the  background  subtraction.  Thus,  the  oxygen  and  hydrogen  modes 
are  almost  decoupled  in  OH,. 

In  contrast  to  this,  a  very  small  dynamical  coupling  between  the  oxygen  and  hydrogen  modes  in  OH„ 
is  observed.  The  hydrogen  and  deuterium  modes  of  OH„  shift  by  -0.3  and  1.5  cm"',  respectively,  when 
'®0  is  replaced  by  '*0,  and  the  '^O  frequency  shifts  upwards  by  3.8  cm"'  when  hydrogen  is  replaced  by 
deuterium.  Within  the  harmonic  approximation,  it  is  impossible  to  explain  why  the  frequency  increases 
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with  the  isotopic  mass.  We  have  no 
explanation  at  present,  although  a  similar 
eflFect  is  seen  for  O-H2  and  interpreted  as  a 
Fermi  resonance[22]. 

The  intensities  of  the  hydrogen  modes  of 
OH,  and  OH„  are  larger  than  those  of  the 
corresponding  oxygen  modes.  For  OH„  the 
intensity  ratio  is  ////o=  6.0±1.0,  whereas 
the  value  for  OH„  is  /^/o=  3.1±0.5.  The 
effective  charges  of  different  oxygen 
complexes  appear  to  be  similar  to  that  of 
the  1136-cm''  mode  of  interstitial  oxygen  (;7~3.8c)[23,24].  If  the  same  effective  charge  is  assumed  for 
the  oxygen  modes  of  OH,  and  OH„ ,  we  may  estimate  the  effective  charges  for  the  hydrogen  modes 
from  the  intensity  ratios  given  above  and  Eq.  (1).  We  find  that  %~2.3e  for  OH,  and  t]„~  1  Je  for  OH„. 
Now,  the  concentrations  of  OH,  and  OH„  may  be  estimated  from  Eq.  (1).  The  concentration  of  0^^  just 
after  the  implantation  is  cm"^,  and  the  concentration  of  0H„  after  annealing  at  200  K  is 

-2.8x10'*  cm'^.  This  indicates  that  -2%  of  the  hydrogen  atoms  are  trapped  in  OH,  complexes  just  after 
the  implantation,  whereas  -8%  become  trapped  in  OH„  complexes  upon  aimealing  at  200  K. 

The  hydrogen  frequencies  of  the  OH,  and  OH^  complexes  are  typical  for  Si-H  stretch  modes  but  lie  well 
below  those  for  stretch  modes  of  0-H  bonds,  at  about  3700  cm"'.  Therefore,  we  assign  the  hydrogen 
modes  to  Si-H  stretch  modes,  and  we  conclude  that  the  oxygen  and  hydrogen  atoms  do  not  form  a  direct 
bond  in  the  complexes  OH,  and  OH„  Furthermore,  the  very  small  dynamical  coupling  between  the 
vibrations  of  the  oxygen  and  hydrogen  atoms  in  OH,  and  OH„  indicates  that  the  two  atoms  are  rather 
far  apart.  The  frequencies  of  the  oxygen  modes  associated  with  OH,  and  OH„  are  comparable  to  that 
of  interstitial  oxygen  at  1136  cm"'.  Therefore,  we  assign  the  oxygen  modes  of  OH,  and  OH„  to 
interstitial  oxygen  which  is  perturbed  by  a  single  hydrogen. 

The  Si-H  frequencies  of  OH,  and  OH„  are  more  than  150  cm"'  lower  than  those  associated  with 
hydrogen  in  a  vacancy[25].  Moreover,  the  Si-H  bond  in  a  vacancy  is  stable  well  above  room 
temperature.  Hence,  we  conclude  that  neither  OH,  nor  OH„  involve  a  hydrogen  located  inside  a 
vacancy. 

Hydrogen  at  an  antibonding  site  (H^)  is  expected  to  have  a  rather  low  frequency,  e.g.  the  hydrogen  at 
the  antibonding  site  in  Hj*  oscillates  at  1838  cm"'[21].  However,  normally  an  intense  Si-H^  wag  mode 
is  observed  at  about  800  cm"' [21].  Such  a  mode  has  not  been  observed  for  OH,  and  OH,,.  Moreover, 
the  calculated  effective  charge  for  the  Si-H^  mode  in  Hj*  was  0.41c[21],  well  below  the  values  of  % 
found  above.  Thus,  the  hydrogen  atom  in  OH,  and  OH„  is  not  likely  to  occupy  an  antibonding  site. 

A  bond-centre  site  for  hydrogen  in  OH,  and  OH^  is  an  attractive  possibility.  In  all  our  spectra,  the 
absorption  band  at  2770  cm"'  (3.61  pm),  associated  with  the  divacancy  in  its  singly  negative  charge  state, 
is  observed[26,27].Therefore,  the  Fermi  level  is  within  the  range  4- 0.4eV  <£^<£',-0.23eV.  Since 
the  donor  level  of  isolated  Hgc  is  at  £^-0.16eV[28],  we  expect  that  an  I^^  well  separated  from  an  0; 
will  be  in  its  positive  charge  state.  Support  for  this  expectation  is  provided  by  two  facts.  Firstly,  the 
effective  charges  corresponding  to  the  hydrogen  modes  of  OH,  (2.3e)  and  OH,,  (1.7e)  are  both  close 
to  the  value  1.8e  associated  with  isolated  Hgc*.  Secondly,  OH,  and  OH„  disappear  after  armealing  at 
-130  K  and  at~240  K,  which  is  close  to  the  temperature  -190  K  where  isolated  Hbc"^  anneals  out. 
Therefore,  we  tentatively  identify  OH,  and  tWj,  with  Oj-Hbc*  complexes.  Since  the  dynamical  coupling 
between  oxygen  and  hydrogen  is  largest  for  OH„,  the  oxygen-hydrogen  distance  is  likely  to  be  smallest 
in  this  complex. 

To  provide  further  evidence  for  these  assignment,  the  structure  and  local  vibrational  modes  of  three 
Oi-Hgc^  complexes,  with  the  hydrogen  located  at  the  first-,  second-,  and  third-nearest  bond-centre  site 
to  the  interstitial  oxygen  atom,  have  been  calculated  with  ab  initio  theory.  The  calculations  are  based 
on  local  density  functional  cluster  theory  applied  on  a  150-atom  cluster.  The  method  has  been  described 


Table  I:  Local  modes  (cm"')  of  OH,  and  OH„. 


OH, 

OH„ 

Isotope  mix 

O-mode 

H-mode 

O-mode 

H-mode 

‘«0  +  'H 

1076.9 

1879.2 

1028.5 

1830.4 

“O  +  ’H 

1076.7 

1358.0 

1032.3 

1329.1 

'*0  +  'H 

1028.3 

1879.1 

987.1 

1830.1 

'*0  +  ^H 

1028. 

1358.0 

987.7 

1330.6 
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Table  11.  Calculated  local  modes  (cm‘*)  of  OiHBCj"^  0=2,3) 


»- 

Oi 

Hbc" 

Isotope  mix 

0 

H 

O 

H 

0 

H 

‘®0  +  ‘H 

1050.7 

1608.7 

1043.1 

1788.4 

1104 

2203 

“O  +  'H 

1050.3 

1144.4 

1042.9 

1271.1 

- 

- 

‘*0  +  ‘H 

1000.7 

1608.7 

993.6 

1788.4 

- 

- 

1000.4 

1144.3 

993.4 

1271.0 

- 

- 

elsewhere[8,9,29],  and  further  details  will  be  presented  in  a  subsequent  publication.  The  calculated 
structures,  denoted  OjHbci^,  and  are  presented  in  Fig.  4  and  the  local-mode  frequencies 

are  given  in  Table  11.  In  addition,  the  frequencies  calculated  previously  for  isolated  Oi[30]  and  Hbc^[3  1] 
are  shown  for  comparison.  As  can  be  seen  from  the  Table,  there  is  a  significant  drop  in  the  Hgc^ 
frequency  when  the  hydrogen  is  moved  towards  the  Oj  from  a  distant  BC  site  to  the  third-nearest  BC-site 
to  the  Oj,  because  the  Si-H-Si  bond  is  elongated  by  the  oxygen-hydrogen  interaction.  The  frequency 
drops  further  when  is  moved  to  the  second-nearest  BC-site  to  the  Oj.  This  behaviour  is  qualitatively 
in  good  agreement  with  our  observations.  OH,  and  OH „  both  have  smaller  hydrogen  frequencies  than 
isolated  Hgc'^.  The  fact  that  the  Si-H  frequency  of  OH,  is  larger  than  that  of  OH„  indicates  that  the 
oxygen-hydrogen  separation  distance  is  smaller  in  the  latter  complex,  as  suggested  above.  Moreover, 
the  calculated  dynamical  coupling  is  very  small  for  OiHBC2*  and  Ojl^cs*  =  as  can  be  inferred  from  the 
minute  isotope  shifts  in  Table  II.  In  contrast,  the  isotope  shifts  found  for  the  OiHbci'^  complex  are  quite 
substantial,  which  renders  this  structure  an  unlikely  candidate  for  OH,  and  OH„. 


Fig.  4.  Calculated  structures  of  Oj-Hgc^  defects.  Unrelaxed  lattice  sites  of  silicon  are  indicated  by  (•) 


Two  oxygen-hydrogen  complexes  OH,  and  OH„  have  been  identified.  Both  complexes  contain  a  single 
hydrogen  and  a  single  oxygen  atom.  The  complexes  are  stable  only  well  below  room  temperature, 
indicating  a  weak  binding  between  the  hydrogen  and  oxygen  atoms.  OH,  and  OH„  are  tentatively 
identified  as  Oj-HB,-  pairs  in  their  positive  charge  state.  This  assignment  is  supported  by  ab  initio 
calculations,  which  suggest  that  OH„  may  represent  an  Hbc*  located  at  the  second-  or  third-nearest  BC- 
site  to  Oj,  and  that  Hgc*  in  occupies  a  third-  or  fourth-nearest  BC-site  to  Oj. 
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Abstract 

We  investigated  the  phonon  scattering  in  heat-treated  Cz-silicon  with  different  carbon  con¬ 
centrations  by  means  of  energy-resolved  phonon  spectroscopy  with  superconducting  tunnelling 
junctions.  The  investigated  samples  were  subjected  to  a  typical  “intrinsic  gettering”  thermal 
cycle  (1100°C  -b  750°C  -f  1050°C).  After  the  1050°C  step  samples  with  measurable  carbon 
content  show  a  series  of  at  least  three  relatively  sharp  absorptions  above  3meV,  which  we 
attribute  to  geometrical  resonances  caused  by  the  excitation  of  geometric  eigenvibrations  of 
oxygen  aggregates  with  sizes  corresponding  to  the  phonon  wavelength.  Comparison  to  infrared 
absorption  is  made. 

Introduction 

Acoustic  phonon  spectroscopy  (PS  in  the  following)  with  superconducting  tunnelling  junctions 
may  provide  information  on  nanoscopic  crystal  defects  with  sizes  corresponding  to  phonon 
wavelengths.  Like  X-ray  or  small  angle  neutron  scattering  it  is  an  integral  method  for  the 
determination  of  size  distributions  down  to  some  nanometers.  This  was  first  shown  for  Ca- 
colloids  in  electron-irradiated  CaFa  [1].  Another  example  is  Cz-silicon,  where  oxygen-related 
precipitates  are  of  great  technological  interest.  A  recent  investigation  [2]  combining  PS  with  IR 
measurements  has  revealed  characteristic  differences  of  the  spectra  and  time-of-flight  signals 
for  carbon-lean  and  carbon-rich  Cz-Si  after  various  annealing  steps.  Here  we  report  on  ana¬ 
logous  experiments,  specifically  investigating  the  effects  of  so-called  high-low-high  annealing 
sequences  on  the  phonon  transmission  spectra,  relating  them  to  the  variation  of  oxygen-defect- 
related  components  of  the  IR  spectra. 

Experimental 

The  investigated  samples  were  cut  from  Cz-Si  (provided  by  Wacker  Siltronic)  with  low,  medium 
and  high  substitutional  carbon  concentration,  denoted  L-C,  M-C,  and  H-C  in  the  following. 
The  sample  dimensions  were  14  x  14  x  1.3mm*  with  the  <111>-  or  <100>-direction  per¬ 
pendicular  to  the  largest  cross  section  (Tab.  1  and  Fig.  1).  An  annealing  series  consisted  of  a 
first  short-term  step  (2  h)  at  1100°C  to  dissolve  grown-in  complexes  with  concomitant  out- 
diffusion  of  oxygen  from  the  surface  region,  followed  by  isothermal  annealing  at  750°C  up  to 
210  h  for  the  generation  of  nuclei,  and  finally  a  sequence  of  shorter  annealings  at  1050°C  for 
the  growth  of  the  oxygen  precipitates.  Annealings  were  carried  out  in  an  inert  ambient.  For 
the  short  high-temperature  annealings  the  samples  were  moved  into  the  centre  of  the  furnace, 
which  had  already  reached  the  operating  temperature,  and  quenched  in  water  afterwards.  In 
case  of  the  long  low-annealings  the  samples  were  in  the  furnace  during  heating  and  cooling 
down.  Immediately  before  annealings  and  IR  measurements  the  crystal  surface  was  etched  in 
HF  to  remove  the  oxide  layer.  After  each  annealing  step  phonon  and  IR  spectra  were  taken  and 
a  four  point  measurement  of  the  resistivity  performed. 

For  PS  superconducting  A1  and  Sn  tunnelling  junctions  as  phonon  generators  and  detectors 
were  evaporated  onto  opposite  sides  of  the  sample,  which  was  cooled  down  to  1  K  for  the  mea¬ 
surements.  With  this  set-up  the  accessible  energy  ranges  from  2Adet  =  1-2  meV,  the  detector 
threshold  at  the  Sn  superconductor  gap,  up  to  about  8  meV,  where  isotope  scattering  in  silicon 
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sample 

orientation 

annealing  step 

[Oi]  [lOi^cm-3] 

[Cs]  [lO^^'cm  ®] 

Q  [flcm] 

as  received 

14.2 

<  5  •  lO'^’ 

0.8 

L-C 

<100> 

2  h  /  1100°C 

14.5 

2.4 

210  h  /  750°C 

2.8 

2.3 

30  min  /  1050°C 

2.2 

2.5 

as  received 

15.0 

0.3 

18.2 

M-C 

<111> 

2  h  /  1100°C 

8.6 

6.0 

22.5 

210  h  /  750°C 

0.2 

1.6 

3.2 

30  min  /  1050°C 

3.3 

3.0 

145.7 

as  received 

9.2 

5.9 

19.0 

H-C 

<111> 

2  h  /  1100°C 

7.8 

4.5 

20.8 

210  h  /  750°C 

1.1 

1.5 

1.3 

30  min  /  1050°C 

7.5 

5.7 

>  1700 

Table  1:  Oxygen  and  carbon  concentrations,  resistivity  of  the  various  samples  after  compara¬ 
ble  annealing  steps.  Some  of  the  isothermal  annealings  have  been  carried  out  in  several  time 
intervals,  see  Fig.  1. 


may  mask  other  scatterers.  This  range  corresponds  to  transverse  phonon  wavelengths  between 
some  18  nm  and  2nm  which  in  the  case  of  geometrical  resonant  scattering  will  be  the  range  of 
characteristic  resonant  lengths.  Phonons  are  also  scattered  by  point  defects  as  in  the  case  of 
the  lowest-energy  transition  of  the  interstitial  oxygen  0,  at  3.64  meV  [3].  Prom  the  strength 
of  this  phonon  absorption  it  is  in  principle  possible  to  determine  quantitatively  the  residual 
content  after  annealing  down  to  concentrations  of  «  5  •  10^^  cm“®  [4].  Phonon  spectra  of  the 
annealed  samples  were  taken  in  parallel  to  those  of  an  as-grown  reference  sample  cut  from  an 
adjacent  region  of  the  same  crystal.  Optimum  energy  resolution  («  lO^eV)  was  not  required 
by  the  width  of  the  observed  resonances,  so  it  was  set  to  about  20  /reV. 

The  IR-spectra  have  been  obtained  by  FTIR  spectroscopy  with  a  resolution  of  2  cm~F  They 
were  taken  at  room  temperature  and  also  at  lower  temperature  using  a  continuous  flow  liquid 
helium  cryostat,  which  allows  cooling  down  to  3.5  K  (measured  with  a  Si-diode  which  was 
mounted  close  to  the  investigated  sample).  Oxygen  and  carbon  concentrations  ([Oi]  and  [Cs]) 
were  determined  at  room  temperature  with  the  conversion  factors  given  in  DIN  50438-1.  If  the 
oxygen  content  is  strongly  reduced  by  precipitation,  low  temperature  IR  measurements  become 
necessary,  allowing  a  separation  of  the  1136  cm~^-Oi-absorption  from  the  broad  absorption 
around  1100  cm"^  caused  by  the  oxygen-related  complexes  [5].  For  the  evaluation  of  the  oxy¬ 
gen  concentration  the  resolution  of  the  instrument  has  then  to  be  considered  [6]. 

Results 

Fig.  1  lists  [Oi],  [Cs]  as  well  as  the  resistivity  of  the  various  samples  after  equivalent  annealing 
steps.  On  the  left  side  of  Fig.  1  the  variation  of  point  defect  concentrations  and  resistivity  for 
sample  M-C  due  to  the  annealing  sequences  is  graphically  depicted.  [Oi]  decreases  only  little 
.during  the  first  high-annealing  step  at  llOO^C,  whereas  [Cs]  strongly  increases  by  a  factor  of 
w  20  (Fig.l),  apparently  liberated  from  carbon-related  complexes.  The  decay  of  oxygen  and 
carbon  content  during  the  low-sequence  follows  the  relationship  A[Cs]  =  5  ’  A[Oi],  i.  e.  the 
agglomeration  of  Oi  is  accompanied  by  the  removal  of  one  carbon  atom  from  its  substitutional 
configuration,  as  was  also  found  by  Sun  et  al.  [7].  The  decrease  of  the  resistivity  can  be  related 
to  the  formation  of  so-called  New  Thermal  Donors  (NTD),  which  is  favored  in  carbon— rich 
silicon.  The  phonon  transmission  spectrum  after  the  first  low-annealing  step  at  750°C  is  com- 
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Figure  1:  Variation  of  [Oi],  [Cg]  and  resistivity  of  samples  M-C  and  H-C  with  annealing  time 
and  tempeature. 


Figure  2:  Phonon  transmission  spectra  (left  side)  and  IR  absorption  spectra  (vertically  shifted) 
of  crystal  M-C.  Phonon  scattering  as  well  as  IR-absorption,  which  is  attributed  to  oxgyen 
precipitates  or  other  agglomerates,  are  marked  by  the  letter  P.  The  right  half  of  the  left  picture 
shows  the  phonon  signal  after  subtracting  a  baseline  as  indicated  on  the  left  side.  At  4Adet  there 
is  a  slight  increase  of  signal  slope  which  is  caused  by  an  increase  of  the  detector  sensitivity. 

pared  to  the  as-grown  reference  crystal  in  Fig.  2.  Due  to  the  high  oxygen  concentration  before 
annealing  there  is  instrumental  broadening  of  the  ^®Oi-resonance  at  3.64  meV  whereas  the 
^*Oi-resonance  remains  sharp  because  of  the  small  concentration  of  the  isotope  (0.2%).  Wig¬ 
gles  beyond  the  main  resonance  are  resonances  shifted  by  the  mutual  stress  associated  with  Oj 
in  close  pair  configurations  [3].  The  reduction  of  [Oj]  after  annealing  for  70  h  at  750°  C  shows 
up  as  a  narrowing  of  the  line.  In  the  region  around  2  meV  (marked  by  P)  a  depression  of  the 
phonon  transmission  signal  is  observed,  which  is  typical  for  carbon-rich  material  [2]  and  could 
be  caused  by  resonant  phonon  scattering  at  clusters  with  dimension  A/2  5  nm,  with  A  being 

the  transverse  phonon  wavelength  which  belongs  to  2  meV.  This  finding  would  be  in  agreement 
with  the  result  of  SANS  measurements  for  750°C  annealings  [5].  Prolonged  annealing  at  750°C 
does  not  seem  to  result  in  a  significant  change  of  position,  depth  or  width  of  the  absorption 
band,  rather  a  further  signal  decrease  over  the  whole  energy  range  was  observed. 

The  infrared  spectra  show  two  broad  bands  around  840  cm“^  and  around  1100  cm“\  the 
latter  being  related  to  the  oxygen  precipitates.  The  origin  of  the  absorption  at  840  cm~^  is  not 
yet  clear,  it  might  be  caused  by  SiC-clusters  [8],  but  there  have  been  other  suggestions  as  well 
([7],  [9]).  After  the  first  70  h  intervall  at  750°C  the  absorption  increases  only  around  1100  cm'^ 


resistivity  [ncm] 
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Figure  3:  Phonon  transmission  spectra  of  crystal  H-C  (left  side)  and  corresponding  IR  spectra. 
Notation  as  in  Fig.  2.  The  structure  at  2.4  meV  of  the  “baseline-corrected”  phonon  signals 
is  caused  by  an  increase  in  detector  sensitivity;  the  lines  marked  by  T  are  precursors  to  the 
Oi-resonances  due  to  phonons  from  a  thermally  excited  side  band  with  an  energy  higher  by 
2Agen  than  the  main  emission  line. 

(Fig.  2),  indicating  the  presence  of  two  types  of  oxygen  precipitates  with  maximum  absorption 
coefficients  around  1070  cm"!  and  1150  cm"*,  respectively.  After  half  an  hour  annealing  at 
1050°C  the  oxygen  and  carbon  contents  have  apparently  reached  their  equilibrium  values,  two 
oxygen  atoms  per  one  carbon  atom  having  by  now  gone  into  solid  solution,  see  Tab.  1  and 
Fig.l.  The  strong  increase  of  the  resistivity  indicates  that  the  NTDs  are  dissolved  during  the 
first  1050°C-intervall.  The  IR-absorption  around  840  cm"^  remains  nearly  unaffected,  whereas 
the  1100  cm~^  band  decreases,  probably  since  larger  nuclei  grow  at  the  expense  of  smaller  ones, 
which  results  in  a  smaller  precipitate  density.  The  asymmetric  form  of  the  1100  cm"^  band 
remains,  but  the  relative  maximum  shifts  from  ca.  1075  cm“^  to  w  1050  cm“^ 

The  high-temperature  step  at  1050°C  leads  to  narrow-band  phonon  absorption  as  is  evident 
in  Fig.  2.  After  30  minutes  at  1050°C  at  least  two  phonon  resonances  have  developed,  one  at 
2.9  meV,  the  other  one  overlapping  with  the  i®Oi-absorption  (also  marked  with  P  in  the  left 
diagram  of  Fig.  2).  By  a  simulation  as  described  in  [4]  a  good  fit  to  the  phonon  transmission 
spectrum  [4]  is  possible  if  one  assumes  that  these  two  resonances  have  identical  line  shapes  and 
if  one  sets  [Oi]  =  2.2-10^’*'  cm“®,  the  corresponding  IR  value  being  [Oi]  =  3.3-10^'^  cm“®  (Fig.  2, 
left  diagram).  The  line  positions  and  widths  slightly  change  after  further  annealing  steps  with 
the  lower-lying  resonance  energy  decreasing  to  2.75  meV,  whereas  the  other  resonance  seems 
to  shift  to  a  slightly  higher  energy  of  3.9  meV.  The  line  width,  as  obtained  by  simulation, 
amounts  to  «  0.6  meV  after  one  hour  at  1050°C.  A  steady  state  is  reached  after  annealing  for 
more  than  one  hour,  as  is  shown  in  Fig.  2,  which  also  depicts  the  phonon  spectra  in  the  energy 
range  around  3  meV  after  subtracting  a  “baseline” . 

The  experiment  was  repeated  with  a  H-C-sample  in  order  to  check  whether  these  phonon 
resonances  can  be  reproduced  under  the  same  annealing  conditions,  but  with  different  defect 
concentrations.  As  there  had  been  changes  on  a  time  scale  of  some  ten  minutes  in  the  case  of 
sample  M-C,  we  have  used  shorter  time  intervals  to  focus  on  the  initial  stage  of  the  1050°C  an¬ 
nealing.  The  time  dependence  of  [Oi],  [Cs]  and  resistivity  are  illustrated  on  the  right  side  of 
Fig.  1.  After  half  an  hour  annealing  at  1050°C  the  oxygen  concentration  is  7.5  •  10^’’  cm“^ 
which  is  82  %  of  the  initial  content  (22  %  in  the  case  of  sample  M-C),  whereas  the  amount  of 
substitutional  carbon  atoms  has  nearly  reached  the  level  previous  to  heating.  Moreover,  Fig.  1 
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Figure  4:  Phonon  transmission  spectra  (left  side)  and  IR  absorption  of  crystal  L-C.  The  series 
of  sharp  IR  absorptions  below  500  cm”*  of  the  as-received  sample  is  caused  by  electronic 
excitations  of  thermal  donors,  which  are  annihilated  after  annealing  at  1100°C  for  2  hours.  The 
IR  spectrum  at  the  bottom  was  measured  at  room  temperature. 


shows  that  both  [Oi]  and  [Cs]  seem  to  reach  a  relative  maximum  after  about  ten  minutes  at 
1050°C  (comparable  to  the  results  of  Kung  [10]  in  the  case  of  a  750°C  +  1050°C-treatment). 
The  agglomeration  of  oxygen  and  carbon  again  causes  broad-band  IR  absorptions  around 
830  cm”*  and  1100  cm”*,  the  latter  being  more  symmetrical  after  210  h  at  TSO^C  (and  after 
30  min  at  1050°C  as  well)  than  observed  with  sample  M-C.  After  annealing  for  30  minutes 
at  1050°C  the  phonon  transmission  spectrum  shows  additional  resonant  scattering,  which  is  in 
remarkable  agreement  with  the  results  obtained  for  sample  M-C  under  the  same  conditions: 
the  resonance  at  the  lower  energy  has  the  same  position  and  width  in  both  cases.  Differences  in 
the  line  shape  around  the  *®Oi-resonance  can  be  explained  by  the  higher  oxygen  concentration 
in  sample  H-C  (Fig.  1).  Since  the  critical  current  of  the  Al-emitter  was  high  enough  to  extend 
the  upper  phonon  energy  range  to  more  than  5  meV,  an  additional  weak  phonon  resonance  with 
minimum  at  ^  5.7  meV  was  found  (see  the  two  traces  at  the  bottom  of  Fig.  3).  Since  the  frac¬ 
tion  of  monochromatic  phonons  contributing  to  the  detector  signal  decreases  with  increased 
generator  voltage  and  because  of  increased  isotope  scattering  line  depths  at  higher  energies 
cannot  directly  be  compared  to  lower-energy  resonances.  Fig.  3  shows  that  during  the  first 
10  minutes  there  is  no  significant  change  in  the  phonon  transmission  spectrum  as  compared  to 
the  210  h  /  750°C  annealing,  apart  from  a  rapid  increase  in  the  depth  and  width  of  the  oxygen 
resonance.  The  defects  which  cause  the  observed  phonon  resonances  evolve  between  10  and  20 
minutes  at  1050°C,  the  absorption  widths  and  depths  being  comparable  to  the  M-C-sample 
after  20  minutes  already. 

The  IR  spectra  exhibit  a  similar  time  dependence  upon  annealing  time:  after  one  minute 
annealing  at  1050°C  the  absorption  coefficients  of  the  agglomerate-related  bands  are  nearly 
unchanged,  although  the  Oi  and  Cg-absorptions  strongly  increase  (Fig.  1  and  3).  Further  an¬ 
nealing  leads  to  a  decrease  of  both  the  830  cm”*  and  the  1100  cm”*-absorptions.  The  latter  is 
reduced  to  a  weak  band  with  maximum  at  1040  cm”*  after  10  min  at  1050°C  (the  correspond¬ 
ing  phonon  transmision  spectrum  is  nearly  identical  that  of  the  measurement  of  the  reference 
sample,  Fig.  3,  left  side).  With  subsequent  annealings  the  peak  at  1040  cm”*  becomes  broader, 
its  maximum  shifting  to  higher  wave  numbers. 

Fig.  4  shows  the  effect  of  the  same  high-low-high  thermal  cycle  on  a  Si-crystal  with  low  carbon 
content  (<  5  •  10*®  cm”®).  In  contrast  to  samples  M-C  and  H-C  no  distinct  resonant  phonon 


404 


Defects  in  Semiconductors  -  ICDS-19 


scattering  is  observed  both  after  750°C-  and  1050°C  annealing.  The  Oi-resonance  is  stronger 
reduced  than  the  IR  oxygen  absorption,  which  to  our  experience  is  typical  of  carbon-lean  sam¬ 
ples.  This  could  be  accounted  for  by  an  enhanced  inelastic  phonon  scattering,  masking  the 
Oi-phonon-resonance  [2].  In  agreement  with  [7]  the  IR  spectra  show  the  well-known  double- 
peaked  band  [9]  with  relative  maxima  at  w  1120  cm“i  and  1225  cm“\  which  has  already 
developped  after  the  750°C  long-term  anneal.  (No  1225  cm~^-absorption  was  observed  in  an¬ 
other  sample  of  the  same  crystal  that  had  not  been  subjected  to  the  1100°C-pre-treatment.) 

Discussion 

The  most  striking  result  of  our  PS  measurements  is  the  appearance  of  rather  narrow-band 
phonon  scattering  in  carbon-doped  Si-crystals  after  1050°C  annealing  with  pre-treatment  at 
1100°C  -1-  750°C.  The  observed  positions  and  line  widths  of  the  two  lower  resonances,  which 
seem  to  be  constant  after  annealing  for  more  than  one  hour,  correspond  to  transverse  phonon 
wavelengths  of  Atransv/2  «  (3.9  ±  0.5)  nm  and  (2.7  ±  0.5)  nm.  From  the  correlation  with  the 
corresponding  IR  spectra  we  conclude  that  they  are  caused  by  the  excitation  of  geometric  eigen- 
vibrations  of  nm-sized  aggregates.  A  change  of  size  should  result  in  a  shift  of  the  geometric 
phonon  resonance,  which  is  observed  in  the  case  of  the  absorption  below  3  meV  with  increasing 
annealing  time,  the  steady-state  value  of  2.75  meV  or  Atransv/2  ~  3.9  nm  corresponding  to  the 
typical  thickness  of  plate-like  precipitates  as  observed  in  TEM  (e.  g.  [11]).  On  the  other  hand, 
the  IR  absorption  at  1225  cm“\  which  is  not  observed  in  these  carbon-doped  samples,  is  often 
attributed  to  plate-like  oxygen  precipitates  [12].  The  phonon  resonance  at  5.7  meV  could  then 
be  interpreted  as  the  A-resonance  of  the  higher  harmonic  mode  of  the  2.9  meV-resonance  (for 
half  an  hour  annealing  at  1050°C).  The  origin  of  the  absorption  at  4  meV  may  be  attributed  to 
clusters  with  a  different  size  distribution  or  to  a  different  vibration  mode  of  the  defects  causing 
the  lower-lying  resonance,  the  latter  interpretation  being  perhaps  more  compatible  with  the 
similarity  of  the  line  shapes. 
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Abstract 

p-  and  n-type  Si  wafers  with  interstitial  oxygen  concentrations  in  the  range  of  (9-ll)xl0’^  cm’’ 
were  subjected  to  different  thermal  treatments.  FT-IR  measurements  were  performed  at  300K  and 
6K.  The  absorption  spectra  of  octahedral  and  platelet  precipitates  can  be  reconstructed  well  by  the 
theory  of  absorption  of  light  by  small  particles.  An  empirical  relationship  is  deduced  to  determine 
the  concentration  of  oxygen  in  both  types  of  precipitates,  with  an  estimated  accuracy  of  15%. 
Analysis  of  the  spectra  leads  to  the  conclusion  of  an  oxygen  density  of  3x10^^  cm'^  and 
identification  of  the  precipitates  as  consisting  of  SiO,  which  can  be  modeled  as  a  mixture  of  Si02 
and  a-Si. 

I.  Introduction 

Oxygen  is  one  of  the  dominant  impurities  in  Czochralski  grown  crystalline  silicon.  Being  highly 
supersaturated  it  will  precipitate  into  platelet  and  octahedral  precipitates,  depending  on  the 
annealing  conditions  [1,2],  thus  affecting  the  mechanical  and  electrical  properties  of  the  substrate 
[3].  In  spite  of  many  investigations  during  the  last  decades,  a  lot  of  questions  remain  unanswered. 
The  purpose  of  the  present  article  is  twofold.  First  an  empirical  relationship  is  dedueed  to  obtain  the 
concentration  of  precipitated  oxygen  from  the  IR-absorption  spectrum.  Second  the  stoichiometry 
and  microstructure  of  SiOx  precipitates  are  analyzed.  In  the  literature  different  values  of  x  have  been 
proposed:  Borghesi  et  al.  found  x  =  1.8  on  the  basis  of  FT-IR  spectra  [4],  EELS-experiments 
concluded  x=  1.2  [5]  or  x  =  0.95  [6].  Vanhellemont  [7]  analyzed  TEM  results  of  different  authors 
using  the  theory  of  diffusion  limited  precipitate  growth  which  led  to  x  =  1 . 


II.  Experimental 

The  investigated  Si  specimens  contained  an  initial  interstitial  oxygen  eoneentration  between  9  and 
11  xlO’’  cm'^  and  are  divided  into  four  groups  of  annealing  schemes. 

The  first  set  of  specimens  (i)  received  a  series  of  pretreatments  followed  by  a  high-temperature  step 
at  1000”  C  for  a  duration  ranging  from  1  to  32  h  (Fig.  l.a).  The  second  group  (ii)  received  a 
nucleation  step  (800“  C  in  N2  for  24h)  followed  by  a  high-temperature  step  (3h,  1 100“  C  in  wet 
oxygen)  (Fig.  1  .b).  The  third  group  (iii)  received  a  very  long  treatment  at  750“  C  in  N2  ambient  for 
265  h  in  order  to  produce  a  high  density  of  stable  oxide  precipitate  nuclei.  This  was  followed  by  a 
treatment  at  1050“  C  in  Ar  for  2h  (Fig.l.c).  The  last  group  (iv)  received  different  pretreatments, 
followed  by  a  high  temperature  step  in  order  to  investigate  the  dependence  of  the  oxygen 
precipitation  on  the  initial  [Oi]  and  the  pretreatment  [8]. 

The  oxygen  content  before  the  annealing  treatments  was  determined  by  measuring  the  height  of  the 
absorption  peak  at  1107  cm  *  at  300K,  using  the  IOC88  standard  calibration  conversion  factor  of 
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Figure  1  (top);  Typical  examples  of  absorption 
spectra:  (a)  group  i  (high  temperature  step  for  32 
h),  (b)  group  ii  (high  temperature  step  for  3  h), 
(c)  group  iii  (high  temperature  step  for  2h).  The 
spectra  have  been  vertically  shifted  for  clarity. 


Figure  3  (right):  Comparison  between 

experimental  spectrum  ( _ )  and  simulation  (— ) 

of  a  specimen  of  group  ii  (see  figure  l.b). 
cOf  =  1116  cm  '  and  coj  =  1220  cm  ' 


Figure  2:  Typical  example  of  group  i:  (a) 
spectrum  at  6K  ;  (b)  spectrum  at  300K  of 
precipitate  bands  +  Oi  absorption  peak  (solid 
line)  and  spectrum  of  isolated  precipitates 
bands  (dotted  line).  The  spectra  have  been 
vertically  shifted  for  clarity. 


CD  ( in  cm"' ) 


3.14  X  lO'^  cm'^  [9].  The  interstitial  oxygen  remaining  after  annealing  was  determined  at  6K  by 
measuring  the  height  of  the  1206  cm  '  peak,  using  the  procedure  outlined  by  Wagner  [10]  (fig.  2a). 

In  this  way  the  broad  absorption  peak  at  300K  belonging  to  the  remaining  interstitial  oxygen  could 
be  removed  by  subtracting  a  scaled  1107  cm  *  absorption  peak  from  the  experimental  spectrum, 
leaving  the  spectrum  of  precipitated  oxygen  only  (Fig.  2b). 
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III.  Simulation  of  the  spectra 

In  this  paragraph  the  theory  of  absorption  of  light  by  small  particles  will  be  briefly  outlined  and 
applied  to  the  case  of  oxide  precipitates  in  Si. 

The  absorption  of  spheroids  in  a  nonabsorbing  medium  can  be  simulated  well  by  the  theory  of 
absorption  cross  sections  of  small  particles  [11].  For  low  volume  fractions  it  gives  identical  results 
as  the  effective  medium  approach  [4,12,13]. 

Two  conditions  have  to  be  fulfilled  in  order  to  use  this  theory:  2n.n.aJX  «  1  (negligible  retardation 
effects)  and  l.n.K.aJX  «  1  (uniform  electric  field  inside  the  spheroid),  with  n  the  refractive  index 
and  K  the  extinction  coefficient  of  the  particle  and  a  its  characteristic  size. 

The  absorption  is  determined  by  the  polarizability  (g)  of  the  particle  in  the  matrix.  For  oblate 
spheroids  g  becomes  a  diagonal  tensor  if  the  direction  of  the  field  vector  coincides  with  the  axes  of 
the  spheroid: 


where  e p  and  g  „  are  the  dielectric  functions  of  the  particle  and  the  matrix,  Li  the  geometrical  factor 
depending  on  the  aspect  ratio  (the  ratio  of  the  small  axis  to  the  large  axis)  [11],  with  i  =  1,2,3 
indicating  the  axes  of  the  spheroid  (i  =  3  for  the  small  axis).  The  geometrical  factors  for  oblate 
spheroids  have  the  following  properties  :  Li  =  L2  <  L3  ,  Li  +  L2  +  L3  =  1  ;  for  a  perfect  disk  L3  =  1 
and  for  a  sphere  L3  =  1/3. 

The  platelet  precipitates  are  known  to  lie  in  { 100}  planes  [1,2].  Hence  the  direction  of  the  axes  of 
the  spheroids  will  be  rotated  with  respect  to  the  direction  of  the  incident  field.  In  the  case  of  non¬ 
polarized  light  incident  on  a  host  lattice  with  cubic  symmetry  the  expression  for  the  absorption  cross 
section  per  unit  of  volume  becomes: 

C  =  -j,Im{2.g, +^3}  ,  (2) 

with  k  the  wavenumber  in  the  surrounding  medium. 

The  power  absorption  coefficient  immediately  follows  :  a=f.C,  with  /  the  volume  fraction. 

The  resonance  frequency  is  given  by  the  Fr  hlich  frequency  (tOp)  for  a  sphere  and  by  the 
longitudinal  optical  frequency  (cOlo)  for  a  perfect  disk.  For  an  oblate  spheroid  the  resonance 
frequency  will  depend  on  the  value  of  the  eccentricity. 

The  aspect  ratio  was  calculated  [7,14,15]  and  checked  against  experimentally  obtained  values 
[15,16],  resulting  in  a  geometrical  factor  L3  between  0.973  and  1 , 

We  assumed  that  both  kinds  of  precipitates  have  the  same  composition.  This  will  be  justified  in 
section  V.  In  order  to  simulate  our  experimental  absorption  spectra  a  dielectric  function  was  needed 
yielding  ®f  between  1110  and  1116  cm"’  and  ®lo  around  1230  cm"'.  A  set  of  dielectric  functions 
for  SiOx  from  the  literature  were  tested  but  only  the  dielectric  function  of  Balz  et  al.  [18]  (given  as 
a  lorentzian  oscillator  model)  meets  all  requirements.  Unfortunately  the  stoichiometry  was  not 
given,  but  will  be  calculated  in  section  V.  A  typical  result  of  the  simulation  is  shown  in  figure  3. 
The  simulation  gives  a  excellent  overall  fit,  except  in  the  low  frequency  region.  Borghesi  et  al.  [4] 
explained  a  similar  effect  as  due  to  the  coexistence  of  precipitates  with  different  stoichiometry. 
However,  it  seems  more  reasonable  to  point  the  origin  of  this  discrepancy  to  the  use  of  an  oscillator 
model,  instead  of  the  true  dispersion  of  g  . 
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IV.  Determination  of  the  oxygen  content  in  oxide  precipitates 

An  empirical  relationship  to  determine  the  concentration  of  precipitated  oxygen  will  be  deduced 
from  the  values  of  the  interstitial  oxygen  disappeared  during  the  treatments  (A[Oi  ])  and  the 
absorption  cross  sections  for  spheres  and  spheroids. 

The  volume  fraction  of  disks  (d)  and  spheres  (s)  in  the  silicon  matrix  ,  is  given  by: 

L  =  [Cs  K  )•  ("</  )•  )]/^ 

®F  =  1110  cm' ‘  and  (Od  =  1225  cm'’  the  resonance  frequencies  for  a  sphere  and  an  oblate  spheroid 
with  geometrical  constant  L3  :=  0.99,  a((0)  the  total  absorption  coefficient  and  Ci(Q))  the  absorption 
cross  sections  per  unit  of  volume  with  em  =  1 1.7  (STmatrix)  and  ep  from  Balz  et  al.  [18]. 

This  leads  in  a  quite  straightforward  way  to  a  relationship  allowing  to  determine  the  oxygen  content 
in  both  types  of  precipitates. 

The  absorption  peak  due  to  octahedral  precipitates  can  be  converted  into  that  of  an  equivalent  disk 
by  multiplying  the  absorption  coefficient  with  Cd(cOdVCs(coF ).  This  results  in  a  set  of  couples  for  the 
platelet  precipitates: 

and  for  octahedral  precipitates : 

i^O]/ =  .  [oc{(Or)- UCMf)]cM)ICsM)^  (5) 

with  =  /,  +  /d  •  The  results  are  given  in  figure  4  along  with  the  regression  line  which  has  a  = 
0.95.  Substituting  the  formulas  and  the  respective  values  in  the  equation  of  the  regression  line  leads 
to: 

[0\  =  1.72.  «  (<«^  ) -  0.1 8 .  a  (ffl/r )  ,  (6) 

for  the  oxygen  concentration  in  platelet  precipitates  and  to: 

[0]g  =911.a{cOp)-lA0.a{cOj),  (7) 

for  the  oxygen  concentration  in  octahedral  precipitates.  In  these  equations  a  is  given  in  cm  ’  and  [O] 
; _ iaH - -3 


Figure  4  :  Effective  oxygen  concentration  versus 
effective  absorption.  The  solid  line  represents: 
a'”  =0.59x10'”.  [Of*^ 


The  estimated  accuracy  is  around  15%. 
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V.  Determination  of  stoichiometry  and  microscopic  structure  of  the  precipitates 

As  already  mentioned  before  ©f  =  1110  cm'*  and  ©lo  =  1230  cm'*  in  the  present  experimental 
spectra.  A  lot  of  literature  has  been  devoted  to  SiO*  with  x  <  2.  Basically  two  models  exist  to 
describe  its  microscopic  structure.  The  first  and  a  widely  accepted  model  is  the  random  bonding 
model  (RBM)  [19-23].  In  the  RBM  SiOx  is  composed  of  five  different  tetrahedra  Si-(Si4.y  Oy)  (y  = 
0,1,2, 3,4)  occurring  with  a  probability  determined  by  the  stoichiometry.  In  this  model  SiOx  consists 
of  one  phase.  In  the  microscopic  mixture  model  (MMM)  on  the  other  hand  SiOx  consists  of  two 
phases  :  amorphous  silicon  and  amorphous  Si02.  Although  in  general  this  last  model  is  not 
accepted,  it  is  also  recognized  that  SiOx  ,  which  can  be  described  by  the  RBM,  is  a  metastable 
phase.  During  annealing  and  even  at  room  temperature  (after  a  period  of  years),  SiOx  can 
decompose  into  a-Si  and  a-SiOa  [23-25]. 

Two-phased  SiOx  and  one-phased  SiOx  have  distinct  optical  properties.  The  latter  has  an  anti¬ 
symmetric  vibration  mode  ©to  which  decreases  linearly  with  decreasing  x  [20,21,22,26]  while  ©lo 
-  ©TO  increases  with  decreasing  x  [20].  On  the  other  hand  two-phased  SiOx  has  an  ©to  which 
increases  with  decreasing  x,  while  ©lo  -  Oro  decreases  with  decreasing  x  [13,21].  In  the  present 
samples  the  following  applies : 

©pCSiOi)  =  1 100  <  ©F(exp)  and  ©Lo(exp.)  -  ©f  (exp.)<  ©Lo(Si02)  -  ©F(Si02) , 
where  “exp.”  denotes  experimentally  determined  values.  This  implies  that  the  oxide  precipitates 
from  an  optical  point  of  view  behave  as  an  effective  medium  consisting  of  two  phases  which  may  be 
described  by  the  MMM.  Using  the  effective  medium  approach  of  Bruggeman  [27]  and  the 
dielectric  function  of  thermal  Si02  [28]  we  obtain  for  SiOx  with  x  =  0.95  ;  ©to  =  1076  cm'*,  ©f 
=1 1 10  cm'*  and  ©lo  =  1233  cm'*.  A  similar  value  can  be  obtained  by  the  following  approach. 

In  Si02  there  is  an  anti-symmetric  mode  (at  1075  cm'*)  in  which  the  neighboring  oxygen  atoms 
move  in  phase  (AS  1)  and  an  anti-symmetric  mode  (at  1190  cm'*)  in  which  the  neighboring  oxygen 
atoms  move  out  of  phase  (AS2),  while  in  both  modes  the  neighboring  Si-atoms  are  almost  at  rest 
[29].  The  sum  of  the  integrated  mode  strengths  is  proportional  to  the  oxygen  density  [29].  Since 
SiOx  in  this  case  behaves  optically  as  consisting  of  two  phases  the  integrated  strength  of  the 
oscillator  will  be  proportional  to  the  density  of  oxygen  oscillators  as  in  the  case  of  SiOa.  The 
strength  is  given  by  [29]: 

(^ASl) ~  2  ASl  ^ 

2.7r  0 

For  Si02  the  following  holds:  <Fasi>  +  <  Fas2>  -  52000  and  [0]si02  ~  4.6  x  10“  cm'** 

Using  the  dielectric  function  of  [18]  we  obtain  :  <Fasi>  -i-  <Fas2>  “  34000,  which  results  in 
[0]siOx  =  3.0  X  10^^  cm'**.  This  value  is  close  to  the  one  found  by  Vanhellemont  [7],  based  on  the 
theory  of  diffusion  limited  precipitate  growth  and  experimental  values  obtained  by  TEM. 

Assuming  the  material  consists  of  two  phases  x  is  given  by  : 

X- _ 

with  [Si]si  =  5  X  10^^  cm'**  ;  [Si]si02  =  2.25  x  10^^  cm'^  ;  Fsi02  =  4.5  xlO'^**  cm*  ;  Vsi  =  2.25  x  10'^** 
cm* ;  Substituting  the  values  in  (9)  results  in  a  value  of  x  =  1.0. 

This  value  is  close  to  the  ones  already  mentioned  in  the  introduction  [5-7],  except  for  the  value 
obtained  by  FT-IR  [4].  The  discrepancy  with  the  value  of  x=1.8  may  be  explained  from  the  choice 
of  dielectric  function.  The  latter  authors  used  an  oscillator  model  for  the  dielectric  function  from 
SiOi.s  consisting  of  one-phase  (RBM).  With  a  similar  function  [21]  it  is  impossible  to  simulate  the 
octahedral  precipitates. 
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VI.  Conclusion 

Using  a  wide  range  of  experimental  IR-spectra  an  empirical  relationship  was  deduced  to  obtain  the 
concentration  of  oxygen  precipitated  into  platelet  and  octahedral  precipitates.  From  the  positions  of 
the  resonance  frequencies  of  the  octahedral  and  platelet  precipitates  we  can  conclude  that  the 
precipitates  consist  of  SiOx  with  x  =1  which  can  be  optically  simulated  by  the  MMM  assuming  a 
mixture  of  a-Si  and  a-Si02,. 


Acknowledgements 

This  work  was  performed  with  financial  support  from  the  National  Science  Foundation  (FWO). 
References 

1  W.A.Tiller,S.Hahn,F.  A.  Ponce,  J.Appl.Phys.  59(9),  pp.  3255  (1986) 

2  H.  Bender,  Phys.  Stat.Sol.  A  86,  pp.  245  (1984) 

3  J.  Vanhellemont,  E.  Simoen,  G.  Bosman,  C.  Claeys,  A.  Kaniava,  E.  Gaubas,  A.  Blondeel  and  P. 

Clauws,  The  Electrochem.  Soc.  Proc.  Vol.  94-10,  pp.  670  (1994) 

4  A.  Borghesi,  A.  Piaggi,  A.  Sassella,  A.  Stella,  B.  Pivac,  Phys.  Rev.  B  46,  pp.  4123  (1992) 

5  R.W.  Carpenter,  I.  Chan,  H.L.  Tsai,  C.  Varker  and  L.J.  Demer,  Defects  in  semiconductors  II,  ed. 

S.  Mahajan  and  J.W.  Corbett  (North  Holland,  Amsterdam,  1983),  p.  195 

6  H.M.  Skiff,  H.L.  Tsai  and  R.W.  Carpenter,  Oxygen,  Carbon,  Hydrogen  and  Nitrogen  in 
Crystalline  Silicon,  ed.  J.C.  Mikkelsen,  Jr.,  S.J.  Pearton,  J.W.  Corbett  and  S.J.  Pennycook 
(Materials  Research  Society,  Princeton,  NY,  1986)  pp.  241 

7  J.  Vanhellemont,  J.  Appl.  Phys.  78  (6),  pp.  4297  (1995) 

8  J.  Vanhellemont,  M.  Libezny,  E.  Simoen,  C.  Claeys,  P.  Clauws  and  A.  Blondeel,  Proc.  ICPS-22, 
Vancouver  1994,  (World  Scientific  Singapore,  1995),  pp.  2399 

9  A.  Baghdadi,  W.  Bullis,  M.  Croarkin,  Y-Z  Li,  R.  Scace,  R.  Series,  P.  Stallhofer,  M.  Watanabe,  J. 
Electrochem.  Soc.  136,  pp.  2015  (1989) 

10  P.  Wagner,  Appl.  Phys.  A  53,  pp.  20  (1991) 

1 1  C.F.  Bohren,  D.R.  Huffman,  Absorption  and  Scattering  of  light  by  small  particles,  John  Wiley  & 
Sons  (1983) 

12  S.M.  Hu,  J.  Appl.  Phys.  51  (11),  pp.  5945  (1980) 

13  L.  Genzel,  T.P.  Martin,  Surface  Science  34,  pp.  33  (1973) 

14  E.S.  Ham,  J.  Phys.  Chem.  Solids  6,  pp.  335  (1958) 

15  S.M.  Hu,  Appl.  Phys.  Lett.  48  (2),  pp.l  15  (1986) 

16  K.  Sueoka,  N.  Ikeda,  T.  Yamamoto  and  S.  Kobayashi,  J.  Appl.  Phys.  74  (9) ,  pp.  5437  (1993) 

17  K.  Sueoka,  N.  Ikeda,  T.  Yamamoto  and  S.  Kobayashi,  J.  Electrochem.  Soc.  141  (12),  pp.  3588 
(1994) 

18  T.  Balz,  R.  Brendel,  R.  Hezel,  J.  Appl.  Phys.  76  (8),  pp.  481 1  (1994) 

19  H.R.  Philipp,  J.  Phys.  Chem.  Solids  32,  pp  1935  (1971) 

20  A.  Lehmann,  L.  Schumann,  H.  Sobotta,  V.  Riede,  U.  Teschner  and  K.  Hubner,  Phys.  Stat.  Sol.  B 
111,  K103  (1982) 

21  A.  Lehmann,  L.  Schumann  and  K.  Hubner,  Phys.  Stat.  Sol  B  121,  pp  505  (1984) 

22  A.L.  Shabalov  and  M.  S.  Feldman,  Thin  Solid  Films  151,  pp.  317  (1987) 

23  M.  Nakamura,  Y.  Mochizuki ,  K.  Usami,  Y.  Itoh  and  T.  Nozaki,  Solid.  State  Comm.  50  (12),  pp. 
1079  (1984) 

24  K.  Hubner,  A.V.  Shendrik  and  A.M.  Praulinsh,  Phys.  Stat.  Sol.  B  118,  pp.  239  (1983) 

25  J.  Finster,  D.  Schulze  and  A.  Meisel,  Surface  Science  162,  pp.  671  (1985) 

26  P.G.  Pai,  S.S.  Chao,  Y.  Takagi  and  G.  Lucovski,  J.  Vac.  Sci.  Technol.  A4  (3),  pp.  689  (1986) 

27  Ph.  J.  Roussel,  J.  Vanhellemont  and  H.E.  Maes,  Thin  Solid  Eilms  234,  pp.  423  (1993) 

28  P.  Grosse,  B.  Harbeke,  B.  Heinz,  R.  Meyer  and  M.  Offenberg,  Appl.  Phys.  A  39,  pp.  257  (1986) 

29  C.T.  Kirk,  Phys.  Rev.  B  38  (2),  pp.  1255  (1988) 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  411-416 
©  1997  Tram  Tech  Publications,  Switzerland 


INFLUENCE  OF  THE  li  CONCENTRATION  ON  THE  PHOTOLEMINESCENCE  SPECTRA  OF 
NEUTRON-IRRADIATED  SIUCON:  PASSIVATION  OF  RADIATION  INDUCED  CENTERS. 
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Abstract.  The  formation  of  radiation-induced  centers  in  irradiated  Li-doped  Si  and  the  passivation  of 
different  defects  are  investigated  through  photoluminescence.  It  is  shown  that  centers  C  and  D1-I-D2 
are  efficiently  passivated  by  Li.  Besides  the  well  known  four  Li  associated  vacancy,  a  new  Li  complex 
involving  at  least  four  Li  atoms  has  been  identified  in  Si  doped  with  high  concentrations  of  Li. 

Introduction 

Lithium-related  defects  in  silicon  have  received  considerable*  attention  due  to  the  ability  of  Li  to 
passivate  defects  and  deep  level  impurities  [1,  2].  Furthermore  its  high  diffusivity,  even  at  room 
temperature,  makes  it  an  efficient  impurity  for  use  in  silicon  devices  [3].  This  aspect  has  been 
exploited,  for  example,  in  solar  cell  applications  where  the  incorporation  of  Li  into  Si  increased  the 
radiation  tolerance  [3].  In  this  work  we  investigate  the  formation  of  centers  produced  by  neutron 
irradiation  in  Li-doped  silicon  as  a  function  of  the  Li  concentration  and  the  annealing  temperature  by 
means  of  photoluminescence  (PL).  The  use  of  this  technique  allows  us  to  get  evidence  of  the 
passivation  processes  of  centers  through  variations  in  the  intensities  of  the  zero  phonon  lines  (ZPLs) 
associated  with  the  emission  of  bound  excitons.  In  this  paper  we  present  new  findings  related  to  the 
passivation  of  very  active  centers  for  exciton  trapping  as  well  as  evidence  of  the  formation  of  new 
centers  which  dominate  the  low  temperature  PL  spectrum.  Isotope  analysis  reveals  the  existence  of 
clusters  involving  several  Li  atoms  in  FZ  n-type  Si.  Another  center,  observed  in  CZ  p-type  Si  at  1096.9 
meV,  is  identified  as  a  major  feature  in  the  PL  spectrum;  it  is  not  related  to  Li  but  shows  an 
appreciable  oxygen  isotope  shift. 

Experimental 

Three  series  of  Li-doped  silicon  crystals  have  been  employed  throughout  this  work.  The  starting 
materials  were  Czochralski  (CZ)  30  Ocm  p-type  carbon-lean  Si,  Float  zone  (FZ)  60  Qcm  n-type 
oxygen-lean  Si  with  [C]  =  1.6xl0”  cm'^  and  FZ  1000  Ocm  oxygen-  and  carbon-lean  Si.  The  three 
crystal  series  were  doped  with  lithium  by  the  diffusion  technique.  Lithium  was  diffused  in  for  30 
minutes  at  drive-in  temperatures  between  300  and  550  "C.  After  removing  the  excess  of  Li  from 
surface,  samples  were  annealed  for  2  hours  at  600  "C  in  order  to  homogenise  the  Li  distribution  within 
the  crystal.  The  Li  concentration  was  estimated  by  the  increase  of  the  room  temperature  resistivity 
according  to  proper  calibrated  resistivity  curves.  Lithium  concentrations  ranging  from  lO'"^  to  lO'’  cm‘^ 
were  obtained  by  this  procedure,  the  upper  concentration  corresponding  to  the  limit  for  Li 
precipitation.  The  isotope  stmcture  was  investigated  using  the  same  Li-doped  Si  crystals  with  different 
®Li:’Li  ratios  as  employed  in  a  previous  study  [4].  The  crystals  were  neutron  irradiated  with  a  dose  of 
IxlO'^  cm'^.  An  isochronal  annealing  of  30  minutes  was  carried  out  in  the  three  crystal  series,  between 
100  and  600  °C.  Photoluminescence  spectra  were  obtained  using  a  Nicolet  60XS  and  a  Bomem  DA3 
Fourier  Transform  spectrometers  fitted  with  North  Coast  Ge  diode  detectors.  Most  of  the  experiments 
were  done  with  samples  immersed  in  liquid  helium  at  4.2  K,  and  with  excitation  by  a  514  nm  Argon 
laser.  Special  care  was  paid  for  obtaining  the  photoluminescence  spectra  under  the  same  experimental 
conditions  for  intensity  analysis. 
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Figure  1.  PL  spectra  at  4.2  K  corresponding  to  the  Li-doped  series  of  FZ  carbon-  and  oxygen-lean  Si 
(left)  and  FZ  oxygen-lean  Si  with  [C]  =  1.6x10'’'  cm'^  (right),  neutron  irradiated  with  a  dose  of  IxlO'’' 
cm'^  (non-annealed  crystals). 


Results  and  discussion 

Radiation  induced  centers  at  room  temperature 

Figure  1  shows  the  photoluminescence  spectra  corresponding  to  the  neutron  imadiated  FZ  carbon-lean 
and  carbon-rich  Li  doped  Si,  respectively.  For  [Li]  <  lO'®  cm■^  the  spectra  are  dominated  by  ZPLs  of 
centers  C  (789.6  meV)  and  G  (969.4  meV)  which  correspond,  respectively,  to  centers  involving  carbon 
and  oxygen  interstitials  [5]  and,  two  substitutional  C  and  one  Si  interstitial  [6].  For  FZ  carbon-enriched 
Si  (right  side  spectrum  of  Fig.  1)  the  G  line  intensity  is  much  higher  than  the  C  intensity,  while  the 
opposite  occurs  for  the  PL  spectmm  (not  shown  here)  of  CZ  carbon-lean  Si.  In  FZ  carbon-  and 
oxygen-lean  Si  (left  side  of  Fig.  1)  these  lines  exhibit  similar  intensities.  Lines  at  790.6,  960.7  and 
1018.2  meV  show  appreciable  intensity  in  this  crystal.  Although  the  stractures  of  the  centers 
responsible  for  these  three  lines  are  not  known,  the  first  line  is  observed  upon  neutron  irradiation  and 
is  thought  [7]  to  be  associated  with  heavily  damaged  regions  of  the  crystal.  The  1018.2  meV  line 
named  II  is  the  dominant  feature  in  the  PL  spectra  of  irradiated  FZ  Si  after  annealing  in  the  150-350 
"C  range.  Recent  studies  associate  the  defect  responsible  for  this  PL  with  the  neutral  divacancy  [8]. 

As  illustrated  in  Fig.l,  the  main  influence  of  doping  with  Li  is  to  reduce  the  C-line  intensity  for  [Li] 
>10'®  cm‘^,  for  this  radiation  dose,  while  for  [Li]  <10'®  cm"^  the  intensity  is  almost  independent  of  the 
Li  concentration.  A  similar  behaviour  is  observed  for  the  FZ  carbon-enriched  Si  in  Fig.l  but  in  this 
case  the  C-line  intensity  reduces  by  an  order  of  magnitude.  Such  a  reduction  can  be  compared  with  the 
intensity  of  either  the  ZPL  of  the  G  center  or  the  associated  local  mode  (LM)  component.  The 
passivation  process  clearly  observed  in  C  is  not  so  evident  as  for  the  G  center  whose  corresponding 
ZPL  slightly  varies  with  Li  (Fig.l)  and  is  much  less  affected  in  the  FZ  carbon-rich  Si  of  Fig.  1. 
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Figure  2.  PL  spectra  at  4.2  K  from  carbon  lean 
(A)  FZ  and  (B)  CZ  Si,  neutron  irradiated  and 
annealed  at  350  °C  for  30  minutes. 
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Figure  3.  Variation  of  the  ZPL  intensity  of  II 
(1018.2  meV)  and  the  new  line  at  1096.9  meV 
as  a  function  of  the  annealing  temperature. 


In  contrast  to  the  passivation  process  directly  revealed  through  the  decrease  of  the  C  line  intensity  with 
Li,  the  presence  of  new  lines  at  739  meV  and  specially  at  1043.8-1044.9  meV  (Q  and  Ql  doublet) 
reflects  the  formation  of  Li-related  centers  for  [Li]  >10'®  cm'^.  In  particular  the  presence  of  such  a  Ql, 
Q  doublet  (L  denotes  low  temperature  component)  is  worthwhile  since  the  defect  corresponds  to  the 
four  Li  associated  vacancy,  Li4-V  (passivated  vacancy).  Interestingly,  the  intensity  of  the  G  and  Q  lines 
are  time  dependent  upon  annealing  at  room  temperature.  This  effect  has  been  evidenced  by  the 
decrease  of  the  G  line  but  mainly  by  the  enhancement  of  the  Q  line  observed  over  four  weeks, 
reflecting  the  high  diffusivity  of  Li  at  room  temperature. 


Isochronal  annealing 

Thermal  treatments  of  annealing  above  100  °C  lead  to  important  changes  in  the  PL  spectra  of  the  three 
investigated  series.  Many  neW  centers  associated  with  different  impurities  are  formed  and  later 
destroyed  upon  isochronal  annealing  at  different  temperatures.  Although  many  of  these  PL  lines  have 
already  been  reported  [2,  7,  10-13],  several  new  lines  associated  with  Li  observed  in  this  work  for  the 
first  time.  There  is  no  space  here  to  discuss  all  these  lines. 

Upon  annealing  at  Tann  <  250  °C,  the  dominant  G  line  progressively  weakens  [9]  with  Tann  while  the  II 
(1018.2  meV)  grows  to  dominate  the  PL  spectra  from  all  samples  of  the  three  series.  Annealing  above 
250  °C  produces  the  13  line  (1039.7  meV)  but  the  PL  is  still  dominated  by  the  II  line  up  to  400  °C  in 
the  FZ  crystals  [9].  An  exception  to  this  behaviour  is  observed  in  CZ  Si  where  the  major  contribution 
to  the  PL  spectrum  in  the  300-400  °C  annealing  range  is  due  to  a  new  line  at  1096.9  meV  (Fig.  2).  A 
line  at  1096.2  meV  was  previously  observed  in  Si  irradiated  with  Ff^  and  H2‘^  ions  [13],  but  its 
dominant  presence  in  CZ  crystals  such  as  it  appears  in  Fig.  2  had  not  been  reported  before  [7,  14].  A 
detailed  study  of  this  line  will  be  published  in  future,  but  it  is  worth  pointing  out  hare  that  the 
associated  center  has  monoclinic  I  symmetry  and  involves  oxygen;  these  results  have  been  deduced 
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Figure  4.  PL  spectra  at  4.2  K  corresponding  to  the  Li-doped  series  of  FZ  carbon-  and  oxygen-lean  Si 
(left)  and  CZ  p-type  carbon-lean  Si  (right),  neutron  irradiated  and  annealed  for  30  minutes  at  400  and 
450  °C,  respectively. 


from  uniaxial  stress  experiments  and  from  the  observed  isotope  shift, 

Ezpl(‘*0)  -  Ezpl(‘®0)  =  +  0.037  meV. 

Figure  3  shows  the  variation  in  intensity  of  this  line  and  of  the  II  line  in  CZ-  and  FZ-crystals  as  a 
function  of  the  annealing  temperature.  The  observed  variation  suggests  that  the  formation  of  this  new 
line  correlates  with  the  decrease  of  II,  thus  indicating  that  the  new  center  may  be  formed  by 
complexing  the  trigonal  II  center  [15]  with  one  (or  more)  interstitial  oxygen.  This  idea  supports  the  II 
center  model  as  an  intrinsic  small  cluster  like  the  <11 1>  split  interstitial  [16,  17],  or  the  neutral 
divacancy  [8]  rather  than  the  five  vacancy  model  proposed  in  [18].  The  PL  spectra  of  Fig.  4  indicate 
that  ZPL  of  centers  II,  13,  1096.9  meV  does  not  show  a  strong  Li-dependence.  Since  these  centers  are 
not  directly  passivated  by  Li  (Fig.  4),  they  can  be  used  as  probes  for  quantitative  estimates  in  PL 
techniques. 

The  most  salient  feature  related  to  the  passivation  of  centers  is  observed  in  FZ-  Si  between  300  and 
500  °C.  Fig.  4  shows  the  corresponding  PL  spectra  for  different  Li  concentrations.  At  these  annealing 
temperatures  the  PL  spectra  are  fully  dominated  by  the  D1+D2  (1106.9  and  1107.7  meV)  lines. 
Although  the  defect  responsible  for  these  lines  remains  unknown  and  no  isotope  splitting  has  been 
reported  [2],  it  is  an  isoelectronic  center  of  trigonal  symmetry  [19].  As  can  be  seen  in  Fig.  4  the  center 
is  very  efficiently  passivated  by  Li  even  for  concentrations  of  about  lO'^  Li  cm'^,  an  order  of 
magnitude  lower  than  the  concentration  required  to  passivate  the  C  center  in  the  same  crystal  series. 
This  result  stresses  the  effectiveness  of  Li  for  neutralising  highly  efficient  exciton  trapping  centers 
such  as  D1+D2.  The  right  hand  side  of  Fig.  4  shows  another  example  of  defect  passivation,  at  the 
1094.5  meV  line,  in  CZ  Si.  Interestingly,  there  are  several  important  centers  formed  in  irradiated  Si 
such  as  P  (767.1  meV)  or  T  (935.1  meV)  which  are  not  passivated  by  Li  under  the  present 
experimental  conditions  even  though  the  proposed  structures  of  the  centers  includes  unsaturated 
dangling  bonds  [14,  20-23]. 
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Figure  5.  Isotope  structure  of  the  ZPL  of  the  Q,  Ql  center  (left)  and  the  new  Li-related  center  at  1 133.0 
meV  (middle)  obtained  from  irradiated  FZ  Si  with  [Li]  =  5xl0'’  cm’^.  The  PL  spectrum  on  the  middle 
was  obtained  from  annealing  at  500  °C  for  30  minutes.  Resolution:  0.025  meV.  The  right  hand  side 
figure  depicts  the  calculated  isotope  stmcture  of  the  1133  meV  line  on  the  basis  of  a  four-atom  Li 
defect  consisting  of  two  Li  pairs  with  two  inequivalent  sites  (D2h  symmetry).  The  spectra  were 
simulated  using  Pearson  profiles  with  the  same  width  (0.075  meV)  for  all  lines,  and  the  intensity  of 
each  component  calculated  according  to  the  model  with  the  indicated  isotope  ratio. 

Formation  of  Li  centers:  Isotope  analysis. 

There  are  many  Li-associated  lines  in  the  PL  spectra  of  either  neutron-  or  electron-  irradiated  Si  doped 
with  [Li]  >  lO’’  cm'^  after  annealing.  A  survey  of  these  lines  can  be  found  elsewhere  [2,  7].  A  well 
characterised  center  created  in  highly  Li-doped  Si  after  irradiation  at  room  temperature  is  the  four- 
atom  Li  associated  vacancy,  Li4-V  [4].  The  corresponding  ZPL  dominates  the  low  temperature  PL 
spectrum  (Fig.  1).  The  isotope  splitting  displayed  by  the  ZPL  in  samples  doped  with  different  ®Li  to  ^Li 
ratios  (Fig.  5)  reveals  the  nearly  tetrahedral  symmetry  of  the  four-atom  Li  center.  The  isotope  splitting, 
AEiso  =  EzpL(^Li)  -  EzpL(®Li)  =  1043.8  -  1042.9  =  +  0.9  meV  is  significantly  higher  than  those  measured 
for  other  Li-associated  centers  with  AEiso  =  0.1  -  0.3  meV  [7],  suggesting  that  the  defect  involves 
several  Li  atoms.  Upon  annealing  between  400  and  500  °C  a  new  line  at  1133.0  meV  has  been 
identified  in  the  PL  spectram  of  the  irradiated  highly  Li  doped  (5xl0'^  cm'^)  FZ  Si  crystals.  Its  ZPL 
energy  is  close  to  that  of  the  Li  bound-exciton  with  emission  of  TA  mode  (1132.5  meV),  but  this 
Li-l-TA  emission  is  observed  in  the  PL  spectrum  at  higher  annealing  temperatures  or  in  non-radiated 
crystals.  The  isotope  stracture  of  the  ZPL  is  shown  in  Fig.  5  for  three  ®Li:^Li  ratios.  The  number  of 
non-thermalised  ZPLs  observed  in  the  PL  spectrum  (seven)  together  with  the  value  of  the  isotope 
splitting  between  extreme  lines,  AEiso  =  Ezpbf^Li)  -  EzpL(®Li)  =  +  0.8  meV  strongly  suggest  that  the 
associated  defect  is  a  cluster  of  several  Li  atoms.  Although  the  presence  of  seven  equally  spaced  lines 
in  the  0.53(®Li):0.47(’Li)  spectram  suggests  a  six-atom  Li  defect  as  responsible  for  the  1133  meV  line, 
the  comparison  between  the  observed  intensity  of  each  ZPL  along  the  series  and  the  calculated 
intensities  for  this  center  rales  out  this  possibility.  However  other  centers  involving,  for  example,  four 
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Li  at  non-equivalent  sites  may  explain  adequately  both  the  ZPL  splitting  and  the  observed  intensities 
along  the  series.  For  illustrative  purposes,  the  right  hand  side  of  Fig.  5  shows  the  calculated  spectra  on 
the  basis  of  a  four-atom  Li  defect  with  two  inequivalent  sites.  Although  the  simulation  suggests  that 
the  proposed  center  is  likely  responsible  for  the  ZPL  stmcture,  this  must  be  only  considered  as  a 
tentative  model  which  is  able  to  explain  the  experimental  ZPL  intensities.  Further  work  using  uniaxial 
stress  data  is  required  to  confirm  the  center  stmcture. 
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Abstract.  Electric-dipole  spin  resonance  (EDSR)  spectra  of  silicon  doped  with  beryllium  by 
diffusion  at  temperatures  between  945°C  and  1180°C  are  presented.  We  find  four  spectra  la¬ 
belled  Be-a  to  Be-d  with  trigonal  symmetry.  The  IR  spectra  of  these  samples  show  the  well 
known  acceptor  effective  mass  line  series  of  substitutional  beryllium  (Bes),  beryllium-beryllium 
pairs  (Be2),  beryllium-hydrogen  pairs  (BeH)  and,  in  a  sample  heated  in  deuterium  atmosphere, 
beryllium-deuterium  pairs  (BeD).  It  is  proposed  that  Be-a  and  Be-b  originate  in  BeH  and  BeD, 
respectively,  while  Be-c  and  Be-d  may  be  spectra  of  Be  paired  with  contaminants.  By  illumi¬ 
nation  of  the  samples  a  number  of  broad  absorption  lines  appear  in  EDSR,  reminiscent  of  the 
single  acceptor  spectrum  of  Indium.  However,  a  Hamiltonian  similar  to  that  used  for  effective 
mass  acceptors  does  not  well  describe  the  angular  dependence  of  all  the  lines.  From  the  doping 
conditions  it  is  not  yet  clear  whether  these  absorptions  are  connected  with  the  single  hole  state 
of  Be“ . 

Introduction 

Silicon  doped  with  beryllium  has  been  extensively  studied  by  optical  methods.  An  acceptor 
centre  with  ionization  energy  of  Ey  -I-  191.9  meV  was  found  by  infrared  absorption  [1]  and 
assigned  to  isolated  substitutional  beryllium  by  quenching  and  annealing  studies  [2].  This  was 
confirmed  by  applying  uniaxial  stress,  under  which  the  lines  split  according  to  tetrahedral 
symmetry  [3].  A  slightly  shifted  line  series  indicates  a  ground  state  splitting  of  0.51  meV  and 
is  explained  by  hole-hole  interaction  at  the  neutral  double  acceptor.  Accordingly,  by  DLTS 
two  levels  are  found  at  Ey  4-  190  meV  and  Ey  -b  440  meV  [4].  Another  acceptor  centre  with 
ionization  energy  of  Ey  -t-  145.8  meV  is  found  in  slowly  cooled  samples  and  identified  as  trigonal 
Be-Be  pair  [1,  2,  3].  Pairing  of  Be  with  hydrogen  and  deuterium  has  been  studied  with  IR  and 
FIR  absorption  [5,  6,  7].  The  acceptor  level  of  BeH  at  about  Ey  -b  91  meV  increases  by  nearly 
1  meV  by  substituting  H  through  D.  In  these  pairs  the  H  (or  D)  atom  is  believed  to  tunnel 
between  equivalent  positions  in  the  vicinity  of  a  substitutional  Be  atom.  Peale  et  al.  [7]  inferred 
from  the  line  shift  under  uniaxial  stress  that  these  positions  are  along  the  [111]  directions,  while 
theoretical  work  on  this  subject  [8,  9,  10,  11]  favours  [100]  energy  minima. 

Here  we  report  on  EDSR  investigations  of  Be-doped  Si  intended  to  obtain  alternative  in¬ 
formation  on  the  structure  and  symmetry  of  the  electronic  states  of  Be-related  defects.  This 
variant  of  EPR  has  been  previously  used  to  investigate  silicon  doped  with  single  acceptors  [12] 
and  the  double  acceptor  Zn  [13].  The  single  acceptors  of  group  III  could  be  understood  by  an 
effective  mass  Ps  ground  state  with  quadratic  contribution  to  the  Zeeman  splitting  increasing 
with  the  depth  of  the  acceptor.  In  contrast,  no  resonance  could  be  attributed  to  Zn“  which  may 
be  regarded  as  an  extreme  case  of  a  deep  one- hole  state  (Ey  -b  600  meV).  It  might  be  instruc¬ 
tive,  therefore,  to  look  for  EDSR  spectra  related  to  Be~,  with  Ey  -b  440  meV  an  intermediate 
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Experimental 

For  electric-dipole  spin  resonance  (EDSR)  a  superconducting  magnet  cryogenic  system  with 
split  pair  magnets  allowing  static  magnetic  fields  up  to  7  T  was  used.  The  samples  were  placed 
at  the  centre  of  flat  TMqso  cavities,  where  the  microwave  electric  field  is  at  its  maximum  and 
the  microwave  magnetic  field  negligible.  We  used  three  cavities  of  different  sizes  for  frequencies 
around  24,  34,  and  60  GHz.  Measurements  were  carried  out  between  1.8  K  and  10  K.  Addi¬ 
tionally,  IR  absorption  spectra  were  obtained  at  about  25  K  using  a  Bio-Rad  Fourier-transform 
infrared  spectrometer  equipped  with  a  cold  finger  cryostat.  Resolution  was  2  cm~^. 

Sample  Preparation  and  Characterization 

The  starting  material  for  the  samples  was  float-zone  silicon,  phosphorus-doped  with  resistivities 
of  5  ficm  and  10  000  0cm,  and  boron-doped  with  resistivities  of  1450  0cm  and  2000  0cm. 
Flat  cylinders,  about  1.25  mm  thick  and  with  a  diameter  of  6.8  mm  were  cut,  polished  and 
etched  before  evaporating  a  thin  layer  of  Be  on  one  of  the  surfaces  of  each  sample.  Two  or 
more  of  the  cylinders  were  sandwiched  together  with  the  Be-plated  surfaces  in  contact  and 
put  into  cylindrical  silicon  crucibles.  Contamination  of  the  samples  with  stray  impurities  may 
be  reduced  this  way  and  also  reaction  of  Be  with  the  quartz  of  the  ampoule  is  suppressed. 
The  samples  were  then  sealed  in  quartz  ampoules,  either  evacuated  or  with  a  gas  filling  of 
pure  hydrogen  or  deuterium  at  about  250  mbar,  heated  to  temperatures  between  945°  C  and 
1180°C  for  30  minutes  and  quenched  in  ethylene  glycole.  Excess  Be  was  finally  removed  with 
concentrated  HCl.  Altogether  13  samples  doped  with  Be  as  described  above  were  investigated 
and  additionally  a  sample  kindly  supplied  by  R.  E.  Peale,  that  has  been  previously  investigated 
by  R.  K.  Crouch  et  al.  (sample  Nr.  269-4  in  reference  [2]).  Data  for  some  of  the  samples  are 
collected  in  Tab.  1. 

Samples  diffused  at  temperatures  above  about  1000°C  were  of  p-type  after  diffusion  as 
expected.  A  typical  IR  spectrum  of  such  a  sample  is  shown  in  Fig.  1.  We  find  substitutional 
Be  and,  for  the  highest  temperatures,  also  Be-Be  pairs.  Surprisingly,  we  also  detect  BeH  pairs 
in  almost  all  samples.  Most  probably  hydrogen  is  introduced  by  polishing  and  etching  the 
samples  before  evaporating  Be  onto  the  surface.  It  should  be  noted  that  spectrum  Beiv  found 
by  Kleverman  and  Grimmeiss  [14]  in  Be-doped,  but  not  intentionally  H-doped  silicon  can  be 
also  identified  as  BeH.  In  some  of  our  samples  the  BeH  pair  concentration  after  diffusion  in 
vacuum  reached  the  values  obtained  by  diffusion  in  H2-atmosphere.  In  sample  Nr.  3,  diffused  in 
D2-atmosphere,  we  find  both,  BeD  and  BeH  pairs.  Diffusion  temperatures  below  about  1000°C 
led  to  n-type  conductivity  of  the  samples,  that  turned  to  p-type  by  isothermal  annealing  at 
600°C  for  20  min.  For  one  of  the  n-type  samples  the  FIR  absorption  spectrum  was  additionally 
recorded,  showing  Li  and  LiO  donor  centres  [15].  Experiments  are  carried  out  at  present  to 
find  the  source  of  this  contamination.  Possibly,  the  Be  contained  a  small  fraction  of  Li,  a  fast 
diffuser  with  high  solubility.  Except  for  weak  BeH  lines,  no  Be-related  IR  signal  was  found  in 
such  samples.  On  the  other  hand,  no  Li,  LiO  or  one  of  the  two  BeLi  centres  [2]  were  found  in 
the  p-type  samples  diffused  at  higher  temperatures. 


sample 

Nr. 

star 

dopand 

ting  material 
resistivity  [ficm] 

dif 
T  [°C] 

'usion  param 
time  [min] 

eters 

ambient 

resistivit; 
plated  side 

Y  [flcm] 
back  side 

1 

B 

1450 

1175 

30 

vacuum 

1.8 

2.0 

2 

P 

5 

1171 

30 

vacuum 

0.35 

180 

3 

P 

5 

1180 

30 

D2 

0.37 

0.65 

4 

P 

5 

1180 

30 

H2 

50 

50 

Table  1:  Data  for  some  of  the  samples  mentioned  in  the  text.  All  these  samples  show  p-type 
conductivity  after  Be  diffusion. 
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wave  number  [  cm‘^  ] 


Figure  1;  IR  absorption  of  sam¬ 
ple  Nr.  2  at  about  25  K,  a  re¬ 
presentative  example  for  the  sam¬ 
ples  diffused  at  higher  tempera¬ 
tures.  Substitutional  Be,  Be-Be 
pairs  and  BeH  pairs  are  visi¬ 
ble,  for  which  the  strongest  lines 
of  the  well  known  acceptor  ef¬ 
fective  mass  series  are  indicated. 
Although  Be  was  diffused  under 
vacuum  in  this  sample,  BeH  pairs 
are  present. 


Results  and  Discussion 

Below  about  10  K  we  observe  up  to  four  trigonal  EDSR  spectra  with  varying  absolute  and 
relative  strength  depending  on  the  doping  conditions.  These  spectra,  labelled  Be-a,  Be-b,  Be- 
c,  and  Be-d,  are  not  present  in  the  starting  material  or  in  samples  heat-treated  without  the 
addition  of  Be.  As  an  example  Fig.  2  (lower  part)  shows  the  EDSR  signal  of  sample  Nr.  3 
diffused  at  1180°C  for  30  minutes  in  D2-atmosphere.  All  four  trigonal  spectra  are  visible,  each 
consisting  of  four  lines  according  to  the  four  equivalent  trigonal  axes  in  the  crystal.  The  angular 
variation  of  the  line  maxima  by  rotation  of  the  sample  in  the  (lIO)  plane  is  shown  in  the  upper 
part  of  the  figure  and  is  typical  for  trigonal  defect  symmetry.  The  resonance  field  is  at  its 
minimum  and  the  lines  are  narrow  and  weak  if  the  magnetic  field  is  aligned  along  the  defect 
axis.  With  deviation  from  this  direction  the  lines  rapidly  increase  and  broaden.  No  hyperfine 
structure  could  be  resolved  for  any  of  the  spectra,  identification  has  to  be  based  therefore  on 
the  comparison  with  infrared  spectroscopy  and  circumstantial  evidence.  The  situation  is  most 
clear  for  spectrum  Be-b,  which  was  very  strong  in  the  sample  diffused  in  D2-atmosphere  (see 
Fig.  2)  and  not  found  in  any  of  the  other  samples.  We  conclude  that  Be  and  D  participate 
in  the  formation  of  this  defect.  This  implies  that  the  different  isotopic  masses  of  D  and  H 
lead  to  distinguishable  EDSR  spectra.  Effects  of  the  isotopic  mass  on  spin  resonance  spectra 
have  been  observed  for  several  centres  in  silicon,  e.  g.  the  tin-vacancy  pair  [16]  or  two  Zn- 
related  centres  [13].  With  IR  absorption,  not  only  BeD,  but  also  BeH  pairs  are  found  in  this 
sample.  If  more  than  one  D  atom  would  be  needed  to  form  the  defect  giving  spectrum  Be-b, 
further  spectra  should  be  visible  according  to  all  combinations  of  H  and  D  atoms.  Since  this 
is  not  the  case,  we  assume  that  only  one  D  is  involved.  The  number  of  Be  atoms  is  not  as 
clear.  Crouch  et.  al.  [5]  report  on  Be2H  centres,  Be2D  should  as  well  exist.  However,  we  do  not 
observe  them  with  IR  absorption  in  our  samples,  so  that  spectrum  Be-b  rather  should  belong 
to  BeD  pairs.  Since  BeH  pairs  were  found  in  almost  all  of  our  samples  with  IR  spectroscopy, 
we  tried  to  correlate  their  strength  with  one  of  the  EDSR  spectra.  A  gross  proportionality  is 
found  for  spectrum  Be-a,  the  scatter  in  the  data  is  within  the  experimental  error  expected 
from  possible  temperature  differences  in  the  IR  measurements  and  a  slightly  varying  EDSR 
sensitivity,  that  critically  depend  on  the  mounting  of  the  sample.  For  spectrum  Be-a,  a  peculiar 
temperature  dependence  is  found.  The  line  strength  increases  with  increasing  temperature  and 
has  a  sharp  maximum  at  about  2.8  K  (see  Fig.  3).  Above  this  temperature,  a  strong  broadening 
and  decrease  of  the  lines  is  observed.  Thermalisation  between  several  ground  state  levels  would 
give  a  much  broader  temperature  range.  A  simple  model  of  a  BeH  centre  accounting  for  the 
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Figure  2:  The  EDSR  signal  of  sample  Nr.  3  is  shown  in  the  lower  part  of  the  figure,  measured 
at  a  microwave  frequency  of  59.68  GHz  and  1.97  K.  The  rotation  pattern  in  the  upper  part 
shows  the  variation  of  the  resonance  fields  for  different  directions  of  the  magnetic  field  in  the 
(110)  plane  of  the  sample. 


trigonal  symmetry  might  be  analogous  to  the  model  for  the  BeLi  centre  discussed  in  ref.  [7]:  The 
hydrogen  atom  is  situated  in  one  of  the  tetrahedral  interstitial  sites  next  to  the  substitutional 
Be  double  acceptor  and  fills  a  silicon  bond  with  its  valence  electron  giving  a  single  acceptor  as 
a  whole.  The  Fg  ground  state  of  this  acceptor  is  then  split  into  two  doublets  by  the  trigonal 
crystal  field.  The  effective  g-values  of  g||  =  2.59  and  gx  =  0  of  spectrum  Be-a  may  be  accounted 
for  by  transitions  between  the  ±  3/2  levels  of  this  split  Fg  ground  state,  so  that  the  true  value 
of  g||  would  be  one  third  of  the  effective  value,  namely  0.863,  a  value  that  is  in  close  vicinity 
to  the  g||-values  observed  for  single  acceptors  in  silicon  [17].  The  true  gx  and  D  values  cannot 
be  determined  independently  from  the  rotation  pattern,  good  fits  are  obtained  for  D  values 
large  compared  to  the  energy  of  the  microwave  quantum.  The  increase  of  spectrum  Be-a  with 
temperature  may  possibly  be  explained  with  a  positive  D,  i.  e.  ±  3/2  levels  lying  above  ± 
1/2,  however,  one  might  then  expext  also  transitions  between  the  ±1/2  levels,  which  are  not 
observed.  The  strong  decrease  of  spectrum  Be-a  above  about  2.8  K  may  reflect  the  lost  of  the 
trigonal  symmetry  due  to  a  dynamic  process  enhanced  at  higher  temperatures,  possibly  the 
motion  of  the  hydrogen  atom.  For  spectrum  Be-b  a  fairly  good  fit  is  possible  with  S  =  3/2, 
g|l  =  0.829,  gx  «  0.36  and  |D|  «  0.83  cm“^  with  slight  deviations  at  the  highest  field  values 
only.  It  is  not  clear,  whether  weak  features  visible  in  the  FIR  measurement  of  Muro  and  Sievers 
approximately  1.6  cm“^  from  transition  A  and  B  of  BeD  (see  Fig.  3  in  ref  [6])  are  connected 
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Figure  3:  Temperature  dependence  of 
spectrum  Be-a  in  sample  Nr.  1  at 
33.8  GHz.  The  magnetic  field  is  at  an 
angle  of  16.5°  from  [001].  The  reso¬ 
nance  field  of  the  centres  oriented  along 
the  three  other  [111]  directions  is  much 
lower,  i.  e.  they  have  a  larger  magnetic 
field  splitting. 


with  the  zero  field  splitting  2D. 

Spectrum  Be-c  is  observed  with  approximately  constant  strength  in  all  four  samples  that 
were  P-predoped  with  5  Gem  and  in  none  of  the  other  samples.  As  visible  in  Fig.  2,  it  is  rather 
weak  compared  to  the  other  spectra.  It  is  not  yet  clear,  whether  P  is  involved  in  this  defect  or  if 
only  a  compensating  donor  is  needed.  Spectrum  Be-d  was  very  strong  in  almost  all  our  samples. 
From  the  comparison  with  the  IR  measurements  we  can  exclude  that  any  of  the  trigonal  spectra 
is  correlated  with  Be-Be  pairs.  We  assume  that  Be-c  and  Be-d  are  spectra  of  impurities  paired 
with  Be.  Li  was  found  in  one  of  the  samples  with  FIR  absorption  and  neutral  interstitial  Fe  in 
two  of  the  samples  with  EDSR  (electrically  induced  transitions  are  allowed  and  give  a  signal 
with  g  =  2.07  [18]).  However,  other  contaminants  cannot  be  excluded.  Effective  g||-values  of 
spectrum  Be-c  and  Be-d  are  2.29  and  2.20,  respectively,  and  the  gj.  values  are  again  in  the 
vicinity  of  zero. 

Somewhat  similar  to  the  situation  in  Zn-doped  Si  four  broad  lines  appear  after  illumination  of 
the  samples  in  the  24  GHz  measurement  (Fig.  4).  Line  S  has  no  discernible  angular  dependence 
of  the  position  with  a  g-value  of  1.24.  It  is  strongest  with  the  magnetic  field  in  a  [110]  direction 
and  vanishes  in  the  [001]  direction.  The  strength  of  the  other  three  lines  is  vice  versa  and  they 
have  a  small  angular  variation  of  their  g-values.  In  the  [001]  direction  the  g-value  at  24.315  GHz 
is  0.877  for  line  a,  0.638  for  line  /?,  and  0.479  for  line  7.  With  slight  shifts  in  the  g-values,  the 
lines  a,  (3,  and  5  are  also  observed  at  34  GHz  and  line  5  at  60  GHz,  while  the  other  lines  would 
lie  at  magnetic  field  values  exceeding  the  possible  7  T.  These  absorptions  are  reminiscent  of  the 
deeper  of  the  single  acceptors,  for  which  the  Fs  ground  state  exhibits  a  quadratic  contribution 
to  the  Zeeman  splitting  giving  three  separate  lines  for  the  Am  =  1  transitions  and  one  line  for 
the  Am  =  2  transitions  [12].  We  tried  to  fit  the  angular  dependence  of  the  lines  a,  /?,  and  7  to 
the  Am  =  1  transitions  and  the  position  of  line  5  to  the  Am  =  2  transitions  of  the  Hamiltonian 


magnetic  field  [  T  ] 


Figure  4;  EDSR  signal  of  the  illumi¬ 
nated  sample  Nr.  2  at  24.315  GHz  and 
1.92  K. 


422 


Defects  in  Semiconductors  -  ICDS-19 


commonly  used  for  single  acceptors  [12].  However,  no  satisfactory  agreement  was  obtained. 
Unfortunately,  the  lines  decrease  slowly  after  switching  off  the  light.  Therefore,  no  conclusive 
results  could  be  obtained  as  to  the  temperature  dependence  so  that  the  level  ordering  remains 
open.  According  to  the  IR  results,  the  substitutional  Beg  double  acceptor  is  predominantly  in 
the  neutral  charge  state  in  our  samples.  Possibly,  by  illumination  some  Beg  atoms  become  singly 
ionized,  giving  the  above  signal.  Samples  with  higher  Be“  concentration  are  currently  prepared 
to  further  investigate  the  origin  of  these  lines. 

Conclusion 

Microscopic  models  for  the  BeH  and  BeD  centres  found  with  IR  and  FIR  absorption  have  been 
controversely  discussed  during  the  last  decade.  Our  results  so  far  suggest  that  the  EDSR  spectra 
Be-a  and  Be-b  are  related  to  these  centres.  If  so,  the  trigonal  character  has  to  be  accounted  for 
by  any  such  model.  No  FIR  experiments  under  uniaxial  stress  are  reported  so  far,  that  could 
help  to  decide  upon  the  defect  symmetry.  Phonon  spectroscopy  with  superconducting  tunneling 
junctions  is  a  promising  alternative  with  high  sensitivity  and  resolution  in  this  spectral  region. 
Since  natural  Be  consists  to  100%  of  the  isotope  ®Be,  the  investigation  of  isotope  effects  of 
Be,  that  could  help  to  deduce  the  number  of  Be  atoms  involved,  would  need  the  use  of  ’’Be  or 
possibly  ^“B  as  diffusant,  two  isotopes  that  cannot  easily  be  produced.  Further  experiments  on 
samples  with  partially  compensated  Be  centres  are  necessary  to  check  for  a  possible  correlation 
of  the  lines  found  after  illumination  with  the  deep  one-hole  state  Be” . 

Acknowledgement 

We  are  indebted  to  N.  A.  Stolwijk  for  helpful  discussions.  Financial  support  by  the  Deutsche 
Forschungsgemeinschaft  is  gratefully  acknowledged. 

References 

[1]  J.  B.  Robertson,  R.  K.  Franks,  Solid  State  Commun.  6,  825  (1968) 

[2]  R.  K.  Crouch,  J.  B.  Robertson,  T.  E.  Gilmer,  Phys.  Rev.  B  5,  3111  (1972) 

[3]  J.  N.  Heyman,  A.  Giesekus,  E.  E.  Haller,  Mater.  Sci.  Forum  83-87,  257  (1992) 

[4]  P.  Stolz,  thesis.  University  of  Erlangen-Niirnberg,  Germany  (1990) 

[5]  R.  K.  Crouch,  J.  B.  Robertson,  H.  T.  Morgan,  T.  E.  Gilmer,  R.  K.  Franks, 

J.  Phys.  Chem.  Solids  35,  833  (1974) 

[6]  K.  Muro,  A.  J.  Sievers,  Phys.  Rev.  Letters  57,  897  (1986) 

[7]  R.  E.  Peale,  K.  Muro,  A.  J.  Sievers,  Phys.  Rev.  B  41,  5881  (1990) 

[8]  E.  Artacho,  L.  M.  Falicov,  Phys.  Rev.  B  43,  12507  (1991) 

[9]  K.  R.  Martin,  W.  B.  Fowler,  Phys.  Rev.  B  44,  1092  (1991) 

[10]  L.  S.  Chia,  N.  K.  Goh,  C.  K.  Ong,  J.  Phys.  Chem.  Solids  53,  585  (1992) 

[11]  K.  R.  Martin,  W.  B.  Fowler,  Phys.  Rev.  B  52,  16516  (1995) 

[12]  A.  Kopf,  K.  Lafimann,  Phys.  Rev.  Letters  69,  1580  (1992) 

[13]  H.  Schroth,  K.  Lafimann,  H.  Bracht,  The  Physics  of  Semiconductors,  ed.  by  M.  Scheffler 
and  R.  Zimmermann  (World  Scientific,  Singapore),  vol.  4,  p.  2725  (1990) 

[14]  M.  Kleverman,  H..  G.  Grimmeiss,  Semicond.  Sci.  Technol.  1,  45  (1986) 

[15]  R.  L.  Aggarwal,  P.  Fisher,  V.  Mourzine,  A.  K.  Ramdas,  Phys.  Rev.  138,  A882  (1965) 

[16]  G.  D.  Watkins,  Solid  State  Commun.  17,  1205  (1975) 

[17]  G.  Feher,  J.  C.  Hensel,  E.  A.  Gere,  Phys.  Rev.  Lett.  5,  309  (1960) 

[18]  G.  W.  Ludwig,  F.  S.  Ham,  Phys.  Rev.  Lett.  8,  210  (1962) 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  423-428 
©  1997  Trans  Tech  Publications,  Switzerland 


CADMIUM-RELATED  DEFECTS  IN  SILICON: 
ELECTRON-PARAMAGNETIC-RESONANCE  IDENTIFICATION 


W.  Gehihoff,  A.  Naser,  M.  Lang*  and  G.  Pensi’ 

Institut  fiir  Festkorperphysik,  Technische  Universitat  Berlin, 
Hardenbergstr.  36,  D-10623  Berlin,  Germany 
*Institut  fiir  Angewandte  Physik,  Universitat  Erlangen-Niirnberg, 
Staudtstr.7,  D-8520  Erlangen,  Germany 


Keywords  :  Si:Cd,  EPR,  DLTS,  double  acceptor,  difRision 


Abstract.  Electron  paramagnetic  resonance  observations  of  the  double  acceptor  centre  cadmium  in 
silicon  are  reported.  The  main  centre  labelled  Cd(l)  shows  tetrahedral  symmetry  and  can  be  des¬ 
cribed  with  an  effective  spin  J=3/2.  Based  on  the  spectrum  analysis  and  combining  the  results  with 
earlier  DLTS  measurements,  the  Cd(l)  centre  has  been  identified  as  arising  from  the  negative  charge 
state  of  the  isolated  substitutional  cadmium  atom  in  silicon. 


1.  Introduction. 

The  group  II  impurities  Zn  and  Cd  in  silicon  have  been  extensively  studied  during  the  last  many  years 
[1-9].  The  electronic  properties  have  been  determined  from  space  charge  and  Hall  measurements,  and  it 
has  been  concluded  that  both  species  occupy,  in  their  isolated  form,  a  regular  substitutional  lattice 
site  and,  lacking  two  electrons  to  be  isovalent  impurities,  act  as  double  acceptors  [1,2, 6, 7],  Both  ele¬ 
ments  show  a  pronounced  tendency  to  form  complexes  with  other  impurities  [4,5,8],  The  atomic  and 
electronic  structure  of  isolated  Zn  and  Cd  has  been  discussed  as  that  corresponding  to  isolated  Pt' 
and  Au°,  respectively,  and  there  is  no  generally  accepted  model  for  the  electronic  defect  structure. 
The  number  of  electrons  in  the  3d  and  4d  orbitals  of  the  substitutional  Zn/Cd  (with  configuration  of 
the  free  neutral  atom  3d*°4sV4d''’5s^)  is  in  competition  with  the  hybridised  covalent  bonds;  3dV4d* 
(Ludwig-Woodbury  model)  or  3d'”/4d‘'’ with  two  bound  holes  in  the  covalent  bonds. 

Very  recently  deep  level  transient  spectroscopy  was  applied  to  radioactive  impurities  (DLTS-RI)  in 
silicon  [10],  It  was  demonstrated  that  the  chemical  nature  as  well  as  the  number  of  probe  atoms  that 
participate  in  the  considered  defect  centres  can  be  identified  by  the  time  dependence  of  the  concen¬ 
tration  of  the  incorporated  radioactive  impurities  and  their  daughter  elements.  The  DLTS-RI  method 
was  also  applied  to  radioactive  **’ln*  atoms  [6,7],  a  standard  probe  atom  for  the  PAC-technique  [9], 
which  are  transmuted  into  stable  cadmium  atoms.  Besides  two  Cd-induced  centres  that  contain  one 
Cd  atom  each  and  a  FeCd-pair,  the  singly  and  doubly  charged  state  of  the  isolated  double  acceptor 
could  be  identified  [6,7].  In  spite  of  these  studies,  the  microscopic  structure  of  the  Cd-induced  cen¬ 
tres,  which  is  often  revealed  by  means  of  electron  paramagnetic  resonance  (EPR)  spectroscopy,  is 
not  clear,  because  the  DLTS-RI  method  gives  no  direct  information  on  the  microscopic  structure  of 
the  centres  involved.  For  the  charge  state  Zn^'/Cd,'  with  one  bound  hole  one  might  expect  EPR  or 
electric-dipole  spin  resonance  (EDSR)  spectra  analogous  to  those  observed  for  the  single  acceptors 
B,  Al,  Ga  and  In  in  Si  [11].  On  the  other  hand  for  the  donor  states  ZnVCd^the  electronic  configu¬ 
ration  would  be  equivalent  to  the  transition  element  impurities  near  the  end  of  the  3d"  and  4d"  series 
which  can  be  well  described  with  the  vacancy  model  [12]  suggested  some  years  ago  by  Watkins  [13], 
However,  it  seems  that  at  least  the  donor-state  Zn,*  does  not  exist.  EPR  or  electric-dipole  transitions 
of  the  isolated  Zn,^  were  not  found  up  to  now  [5].  So  far  only  various  transition  metal-pairs  have 
been  identified  by  EPR  in  samples  with  corresponding  co-doping  [4].  No  EPR-results  of  Cd-related 
centres  in  Si  have,  as  yet,  been  published. 
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In  this  paper  the  first  EPR  investigations  of  Cd-diffused  silicon  samples  are  reported.  Samples 
identical  to  those  used  in  Ref  [6]  were  used  for  our  studies,  allowing  a  direct  comparison  of  EPR 
and  DLTS  results.  From  the  observed  Cd-related  centres  here  only  the  centre  labelled  Cd(l)  with  the 
highest  EPR-intensity  is  described  and  analysed.  This  Cd(l)  centre  shows  the  typical  cubic  angular 
dependence  of  the  fine  and  hyperfine  structures  of  a  Tg-state.  The  chemical  identification  of  the 
Cd(l)-defect  is  based  on  the  agreement  of  the  experimental  hyperfine  structure  with  the  simulated 
one,  considering  the  isotopic  mixing  of  natural  Cd  isotopes  with  and  without  a  nuclear  spin. 

2.  Experimental  details. 

The  samples  used  in  this  study  were  originally  prepared  for  DLTS  measurements  some  years  ago 
[8,9].  From  the  set  of  samples  those  were  selected  which  were  prepared  from  p-type  Czochralski 
grown  silicon  wafers  with  a  boron  concentration  of  1.5x10*^  cm^.  The  (lOO)-wafers  were  cut  in 
rectangular  samples  of  5x6  mm^,  cleaned  and  then  diffused  with  Cd  in  a  sealed  quartz  ampoule  which 
was  evacuated.  After  the  diffusion  process  which  took  place  in  a  furnace  at  1200°  C  for  approxima¬ 
tely  20  hours,  the  samples  were  subsequently  quenched  to  room  temperature.  In  some  cases  they 
were  annealed  at  600°C  for  1-2  minutes,  to  incorporate  most  of  the  cadmium  atoms  into  the  double¬ 
acceptor  configuration.  Finally,  contacts  were  evaporated  for  the  DLTS  measurements  on  the  front 
and  backside  of  the  samples.  Details  of  the  preparation  are  described  in  [6,7],  For  the  EPR 
measurements  these  contacts  were  removed  and  the  samples  were  cut  in  smaller  pieces  of  2x5  mm 
with  the  long  edge  oriented  parallel  to  a  <1 10>  direction. 

The  EPR  measurements  were  performed  at  the  X-band  using  a  Bruker  ESP  300E  spectrometer 
equipped  with  an  Oxford  ESR  900  helium  gas-flow  cryostat.  The  samples  were  mounted  with  their 
long  dimension  along  the  axis  of  a  rectangular  TE102  or  a  high  sensitively  TEon  cylindrical  microwave 
cavity  and  in  both  cases  perpendicular  to  the  plane  in  which  the  magnetic  field  could  be  rotated, 

3.  Results  and  discussion. 

Figure  1  displays  the  typical  DLTS-spectra  obtained  for  the  set  of  samples  investigated  with  the  EPR 
method.  The  temperature  scan  reveals  three  Cd-related  levels  at  the  temperature  of  78K,  178K  and 
220K,  termed  Cd(Bl),  Cd(B2)  and  Cd’'”  respectively.  The  amplitudes  of  the  three  levels  are  strongly 


Fig.l:  DLTS-spectra  of  Cd-diffused  p-type  silicon  samples  after 
quenching  to  room  temperature  without  (dashed  line)  and  with  (solid 
line)  an  additional  annealing  for  2  min  at  600‘’C. 

([B]=1.5xl0'*  cm'^;  Cd-diffusion  at  nOO^C,  20  h). 
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dependent  on  the  thermal  treatment  of  the  samples.  After  quenching  from  the  diffusion  temperature 
of  1200®C  to  room  temperature,  level  Cd(B2)  is  dominant.  The  observed  concentrations  of  the  Cd'^“ 
and  Cd(B2)  levels  were  about  lxlO*‘'cm'^and  5xl0‘''cm'^,  respectively.  Level  Cd(Bl)  was  formed  at 
concentration  approximately  one  order  of  magnitude  lower.  Additional  rapid  thermal  annealing  of 
the  samples  for  2  min  at  600°C  results  in  an  increase  of  the  concentration  of  the  Cd(Bl)  and  Cd'^“  at 
the  expense  of  the  Cd(B2)  level  by  about  a  factor  five.  Cd'*  was  identified  as  the  singly  charge  state 
of  the  Cd  double  acceptor  with  the  energy  level  at  Ev+(485±27)  meV  and  Cd(Bl)  tentatively  as  a 
Cd-related  complex  of  at  least  two  atoms  [6,7].  About  the  chemical  nature  of  Cd(B2)  no  information 
was  available. 


Fig.  2:  EPR  spectra  of  a  Si:Cd  sample  for  the  magnetic  field  B  ||  <100>  showing  the  central 
component  arising  from  Cd  isotopes  with  1  =  0  and  the  hyperfine  structure  due  to  the  '"Cd  and  "^Cd 
nuclei  with  nuclear  spin  1=1/2. 

(a)  experimental  spectrum  at  T=10K,  microwave  frequency  v  =  9.477  GHz.  (b)  simulated  spectrum 
assuming  the  natural  abundance  of  the  Cd  isotopes.  Details  are  given  in  the  text. 

The  EPR  measurements  of  the  investigated  p-type  samples  with  a  strong  Cd'^°  DLTS  peak  reveal, 
besides  an  isotropic  signal  with  g  =  2.0055  at  low  temperature,  a  weak  angular  dependent  signal  at 
g=1.9462±0.0005  which  is  shown  in  Fig.  2.  Besides  a  strong  central  line  a  twofold  splitting  with  the 
intensity  ratio  of  6:1  is  observed.  The  spectrum  shows  a  weak  but  characteristic  angular  dependence 
for  centres  in  cubic  environments.  A  stack  plot  of  the  spectrum  for  a  rotation  of  the  magnetic  field  in 
a  {110}  crystal  plane  is  presented  in  Fig.  3.  The  chemical  identity  of  this  centre  was  verified  by  the 
well-resolved  hyperfine  structure  and  the  observed  intensity  ratio  of  6:1  between  the  central  and  the 
hyperfine  lines.  Cadmium  has  two  isotopes  with  non-zero  nuclear  spin:  ‘"Cd  and  "^Cd  both  with 
1=1/2  and  a  natural  abundance  of  12.75%  and  12.26%,  respectively.  Because  the  line  intensities 
depend  only  on  the  abundance  of  the  isotopes  for  identical  atoms  and  the  line  positions  relate 
naturally  to  the  magnetic  moments  of  the  isotopes,  the  excellent  agreement  between  the  experimental 
and  simulated  spectra  (s.  Fig.  2)  provides  evidence  that  the  Cd(l)  centre  is  arising  from  an  isolated 
Cd  centre.  The  ratio  between  the  nuclear  magnetic  moments  of  the  '“Cd  and  "^Cd  isotopes  is  0.956. 
Therefore,  the  expected  difference  of  the  hyperfine  splitting  for  both  isotopes  is  much  smaller  than 
the  observed  line  width  of  0.3mT,  whereby  the  detection  of  the  different  hyperfine  splitting  for  both 
isotopes  is  prevented.  The  superhyperfine  interaction  with  the  ^®Si  isotope  (1=1/2,  natural  abundance 
4.70%)  was  neglected  in  the  simulation  procedure.  Obviously,  this  is  the  reason  for  the  visible  diffe¬ 
rence  in  the  line  intensities  on  both  sides  of  the  central  line. 
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magnetic  field  [mT] 


Fig.  3:  Stack  plot  of  the  Si:Cd  EPR  signal  at  T  =  lOK  in  the  X  band.  The  magnetic  field  B 
is  rotated  by  5°  steps  in  a  {1 10}  crystal  plane. 


The  angular  dependence  in  the  line  positions  of  the  observed  electron  spin  and  hyperfine  transitions 
can  be  described  by  the  spin  Hamiltonian  (1)  for  a  ground  state  with  J=3/2  and  a  nuclear  spin  1—1/2 
in  cubic  environment,  which  transforms  like  a  Fg-state  [14] 


H  =  g(3B  •  J  +  +  Jy By  +  J^Bz  -  j(j  •  B)[3J(J  +l)-l]}  + 

ZAiJ-Ii+F{j3li^+j3liy+j3ii^-l(j.Ii)[3J(J  +  l)-l]}-gNfiNBI 


i  j 


(1) 


where  quadratic  and  higher  Zeeman  terms  are  omitted  and  the  subscripts  x,  y,  z  denote  the  cubic 
crystal  axis.  The  sum  is  taken  on  the  two  Cd  isotopes  ‘"Cd  and  "^Cd  with  nuclear  spin  1=1/2. 
Assuming  that  gBBJ  is  large  in  comparison  with  all  the  other  terms  in  Eq.(l)  and  that  AJI  is  always 
larger  than  the  other  terms  involving  I,  the  energy  levels  are  given  in  first  order  by 

^Mm-  =  gRBM  +  A jMm  -  gjqB]vjBm  j  +  (fl3B  +  Fj  m  j  ){M^  -  — M[3J(J  +  1)  -  l]}p,  (2) 

where  M  and  m  are  the  eigenvalues  of  the  components  along  the  magnetic  field  B  of  J  and  I,  respec¬ 
tively.  The  frequencies  v;  of  the  EPR  transitions  (M-lo  M,  Am=0)  derived  from  Eq.(2)  for  i= 
("‘Cd,  ‘‘^Cd)are: 

hVi  =  (g  -  |■fp)BB  +  (Aj  -  jFiP)mi 

hv,  =  (g  +  yfplBB  +  (A  i  +|-FiP)mj 

According  to  equations  (2)  and  (3),  the  angular  dependence  of  the  electron  and  hyperfine  transitions 
in  a  cubic  field  is  determined  by  the  function  p,  which  reads  for  rotation  of  the  magnetic  field  B  in  a 
{110}  plane 

p  =  l-ysin^0(l+3cos^9)  ,  (4) 

where  6  is  the  angle  between  the  direction  of  B  and  the  <100>  axis  in  the  plane.  The  experimental 
angular  dependence  of  the  -1/20+1/2  transition  and  of  the  hyperfine  splitting  are  shown  in  Fig.  4. 


for  M=-l/2o+l/2 


for  M=±l/2o±3/2 


(3) 
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Fig.  4;  Angular  variation  of  the  line 
positions  of  the  Cd(l)  signal  for  the  Cd 
isotopes  with  nuclear  spin  zero  (*)  and 
nuclear  spin  1=1/2  (•)  for  rotation  of  the 
magnetic  field  B  in  a  {110}  crystal 
plane.  The  solid  curves  are  calculated 
with  parameter  set  (5)  obtained  from 
the  fit  using  the  spin  Hamiltonian  given 
in  Eq.(l). 


-20  0  20  40  60  80  100 

angle  [degree] 

The  solid  curves  are  calculated  with  the  following  parameters  obtained  from  the  fit  of  the  line 
positions  predicted  by  Eq.(l)  to  the  experimental  curves; 

|g|  =  1.9462±0.0005  |f|  =  0.0024±0.0005  (5) 

iA|=(21.6±0.2)10'‘*cm-'  1?]=  (2.42±0.02)10-‘' cm'*, 

where  A  and  F  are  the  average  values  of  the  Cd  isotopes  “’Cd  and  "’Cd  since  the  difference  in  the 
twofold  splitting  of  both  isotopes  with  nuclear  spin  could  not  be  resolved  because  of  the  reason 
described  above.  The  relative  signs  were  determined  to  be  equal  to:  gf  >  0  and  AF  <  0.  The 
±l/2<->±3/2  transitions  are  broadened  beyond  detection  by  random  strains  in  the  sample. 

The  agreement  between  the  experimental  angular  dependencies  with  the  predicted  ones  (Fig.  4) 
reveals  that  the  Cd  ion  is  located  on  the  substitutional  or  the  tetrahedral  interstitial  site.  Based  on 
symmetry  arguments,  it  is  not  possible  to  favour  a  particular  site.  However,  the  proved  cubic  angular 
dependence  described  by  the  terms  proportional  to  f  and  F  in  the  spin  Hamiltonian  (1)  indicates  a 
strong  coupling  to  the  silicon  lattice  and  consequently  suggests  the  substitutional  lattice  site.  This  as¬ 
sumption  is  also  supported  by  the  observed  temperature  dependence  (Fig.  5)  and  saturation  be¬ 
haviour  of  the  EPR  transitions  with  microwave 
power  (Fig.  6)  that  reveal  a  strong  lattice  coupling. 
It  is,  therefore,  reasonable  to  assume  that  the  in¬ 
vestigated  cadmium  centre  occupies  the  substitu¬ 
tional  position  in  silicon.  The  obtained  EPR  results 
with  a  degeneracy  corresponding  to  J=3/2  are  con¬ 
sistent  with  the  negative  charge  state  Cd".  But  it  is 
also  possible  to  assign  this  EPR  spectrum  to  Cd^ 
assuming  the  high-spin  (S=3/2)  ground  state  of  the 
d’  configuration  or  equivalently  the  ground  state 
configuration  ai^tz^  within  the  framework  of  the 
vacancy  model.  In  both  cases  many  electron  effects 
must  dominate.  Assuming  that  the  EPR  spectra 
arise  from  the  positive  charge  state  Cd^,  the  EPR 
investigations  would  reveal  a  different  behaviour  in 
comparison  to  the  isoelectronic  transition  metal 
impurities  Pds'  and  Ags°.  These  impurities  show  a 
Jahn-Teller  off-centre  Cjv  symmetry  distortion  and 
an  electron  spin  S=l/2  in  agreement  with  the  vac¬ 
ancy  model  [12].  According  to  the  DLTS  results 
obtained  for  these  samples,  the  charge  state  Cd'  is 


temperature  [K] 

Fig.  5:  Temperature  dependence  of  the  EPR 
signal  intensity  (peak-to-peak  amplitude)  of 
the  Cd(l)  signal. 

Microwave  power  13  mW,  v  =  9.447  GHz 
•  experimental  data  —  theoretical  fit 
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Fig,  6:  Dependence  of  the  EPR  signal 
intensity  (peak  to  peak  amplitude)  of 
the  cubic  Cd(l)  signal  on  the  micro- 
wave  power  at  three  different  tempera¬ 
tures:  4K  (.),  8K  (a),  12K  (.) 

(rectangular  resonator  Hi  02,  critical 
coupling,  v=9.477  GHz). 

the  most  probable  one.  Therefore,  we 
conclude  that  the  observed  spectra,  la¬ 
belled  Cd  (1),  arise  from  the  negative 
charge  state  of  the  cadmium  atom  which 
is  located  at  the  substitutional  site. 

In  analogy  to  the  isoelectronic,  neutral, 
shallow  single  acceptors  B°,  Al°,  Ga°  and 
In°,  the  ground  state  of  Cd'  can  also  be 
described  with  an  effective  spin  S-3/2, 


microwave  power  [niW] 

However,  in  contrast  to  these  shallow  acceptors,  the  parameters  f  and  F  of  the  multipole  terms  J^B 
and  J’l  in  the  spin  Hamiltonian  (1)  are  about  one  order  of  magnitude  smaller  for  Cd'. 


4.  Summary. 

In  Si-samples  doped  with  cadmium,  which  reveal  a  strong  Cd'^'^  level  in  DLTS  spectra  a  new  para¬ 
magnetic  centre,  called  Cd(l),  was  observed  using  the  EPR  method.  Based  on  the  EPR  spectrum 
analysis  and  the  DLTS  results  obtained  for  the  same  samples  this  Cd(l)  centre  has  been  identified  as 
the  isolated  substitutional  cadmium  atom  in  silicon  with  charge  state  Cd'. 
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Key  vt^ords:  gettering,  Fe-acceptor  pairs,  solubility,  precipitation,  silicon  processing 

Abstract  Contamination  by  transition  metal  impurities  is  a  major  concern  in  Si  processing.  The  bulk 
contamination  tendency  is  measured  as  the  product  of  the  metal  ion  diffusivity  and  its  solubility  in  Si 
under  processing  conditions.  In  particular,  iron  (Fe)  is  incorporated  as  a  highly  mobile  and  soluble 
(Fe+)  species.  Surface  contamination  during  wafer  cleaning  is  driven  by  liquid-solid  equilibria 
dictated  by  the  choice  of  cleaning  solution.  In  Si  solid  solution  Fe  is  a  near-midgap  recombination 
center.  Due  to  its  high  mobility  Fe  in  solution  in  p-S\  normally  exists  in  the  form  of  an  ion-pair 
with  a  negatively  charged  acceptor  ion.  Gettering,  the  removal  of  Fe  from  active  device  regions,  is 
accomplished  by  designing  remote  regions  of  lower  chemical  potential  (segregation  gettering)  or  with 
a  high  density  of  heterogeneous  nuclei  for  precipitation  (relaxation  gettering).  This  paper  presents  a 
comprehensive  model  for  the  deposition  of  Fe  from  liquid  solution,  the  ion  pair  structure  and  stability, 
and  the  gettering  of  Fe  from  p/p+  epilayers. 

Introduction 

Fe  is  a  major  contaminant  in  Si  processing.  During  crystal  growth  Fe  is  not  a  major  concern  because 
of  its  low  melt  segregation  coefficient,  /cFe(si)=8.0x  10“^  [1].  Reasonable  care  in  melt  preparation 
can  assure  bulk  concentrations  below  10’ ‘cm"^.  The  prevalence  of  stainless  steel  vessels,  transport 
lines  and  parts  in  a  modem  fabline  presents  ample  opportunity  for  Fe  to  enter  the  Si  matrix  during 
processing.  Understanding  the  control  of  Fe  in  Si  is  both  of  specific  value  for  Fe  and  a  guide  for  the 
control  of  all  fast  diffusing  metals. 

The  areas  of  concern  are  the  solid/liquid  equilibria  of  Fe  in  cleaning  and  etching  chemistry;  the 
stmcture  of  isolated  and  paired  Fe  in  the  Si  crystalline  matrix;  the  factors  determining  the  equilibrium 
Fe  solubility  in  p-Si;  and  the  kinetics  of  Fe  gettering  in  both  the  segregation  and  relaxation  regimes 
For  each  subject  area  we  construct  models  to  describe  the  experimental  observations  and  apply  them 
to  simulate  and  design  gettering  processes  for  pfp^  epitaxial  layers. 

Fe  Solubility  in  Wafer  Cleaning  Solutions 

Metals  exist  as  soluble  ions  in  aqueous  solutions.  The  solubility  is  governed  by  the  redox  reactions 
available  to  reduce  the  positively  charged  metal  ions  to  neutral  metal  atoms  on  the  Si  surface  or  to 
insoluble  oxide  compounds.  For  high  concentration  acid  solutions  with  radical  species  that  form 
soluble  complexes  with  the  metal  ion,  the  solubility  is  estimated  by  the  electromotive  series.  Ions  with 
ionization  potentials  positioned  below  the  standard  hydrogen  potential  (SHP)  are  reduced  by  electrons 
from  the  acid.  Figure  1  shows  the  relative  positioning  of  typical  metals  in  HF  (at  a  concentration  of 
Ippm)  with  the  SHP  and  the  Si  Fermi  level  {Ep,  referenced  to  the  vacuum  level)  shown  on  the  same 
scale.  For  adsorption  on  the  Si  surface,  the  electron  transfer  occurs  from  the  Si  Ep  to  the  ion  with  the 
Si  oxidation  (etching)  completing  the  circuit.  Fe  is  above  Ep,  and  deposition  does  not  occur.  Au  is 
well  below  Ep  and  deposition  to  the  Si  surface  is  expected.  For  Cu,  with  an  position  near  the  Si  Ep, 
both  the  deposition  rate  and  morphology  are  dependent  on  Ep  and  quasi-jBir  as  affected  by  external 
illumination  [2]. 
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Figure  1 :  Band  diagram  for  p-type  Si  in  the  dark  compared  against  standard  reduction  potentials  for  various 
metals.  Band-bending  occurs  at  the  Si  surface  due  to  the  presence  of  surface  states  when  immersed  in  dilute 
HF. 

Table  I:  Standard  reduction  potential  (E°),  surface  lifetime  (Tmeas)<  1:100  HF  exposure  conditions,  and 
calculated  driving  force  (AG)  for  the  cathodic  reaction. 


Redox  System 

E°  [V] 

Exposure 

'^meas 

AG  [meV] 

Au+++/Au 

1.692 

100  ppb,  5  min 

0.028 

-1402 

Cu++/Cu 

0.337 

1  ppm,  10  min 

0.220 

-259 

Fe++/Fe 

-0.440 

1  ppm,  10  min 

5.0 

520 

Y++/V 

-1.175 

1  ppm,  10  min 

5.0 

1258 

The  deposition  of  metals  from  HF  can  be  measured  directly  by  monitoring  surface  recombination 
velocity.  We  have  constructed  a  contactless  radio  frequency  photoconductance  decay  measurement 
apparatus  for  the  measurement  of  minority  carrier  lifetime  [3].  The  Si  surface  in  HF  attains  low 
surface  recombination  velocity,  S'wl.Ocm/s,  by  hydrogen  termination  of  surface  bonds.  For  long 
bulk  minority  carrier  lifetime,  r>100/Lts,  the  measured  lifetime  is  given  by  d/25,  where  d  is  the 
wafer  thickness.  Table  I  shows  a  comparison  of  measured  lifetimes  for  HF  solutions  intentionally 
contaminated  with  different  metals.  The  predictions  of  the  model  of  Figure  1  are  validated.  Fe  will 
not  deposit  from  HF  to  the  Si  surface. 

For  oxidizing  solutions,  the  pH  and  oxidation  potential  of  the  solution  are  variables.  Pourbaix  diagrams 
provide  a  representation  of  the  variation  in  metal  solubility  with  these  variables  in  terms  of  the  possible 
reaction  equilibria  [4].  Figure  2  shows  the  Pourbaix  diagram  for  Fe  with  the  positions  of  the  SC-1  and 
SC-2  “standard  cleaning”  solutions.  SC-1  oxidizes  the  Si  surface  to  remove  organics  and  particles,  but 
its  position  in  the  FeiOa  phase  field,  indicates  that  Fe+"'‘+  is  electron  deficient  and  will  leave  solution 
and  adsorb  at  the  Si  surface.  Phase  boundaries  delineate  the  stability  of  a  given  ion  concentration 
against  the  reducing  potential  of  the  solution.  Higher  oxidation  potential  and  lower  pH  increase  the 
Fe  “gettering  potential”  of  the  solution. 

Fe-Acceptor  Pairs 

Fe  in  Si  can  be  regarded  in  much  the  same  way  as  Fe  in  aqueous  solution.  The  Fe  exists  as  an  ion  (Fe/", 
Fe/"''),  and  the  Si  matrix  behaves  as  a  dielectric  continuum  (€^=1 1-7).  Positively  charged  Fe  ions  are 
attracted  to  negatively  charged  acceptor  dopants  by  long  range  Coulomb  forces.  The  stable  state  for 
Fe  in  p-Si  is  the  electrostatically  bound  pair  with  an  acceptor  dopant.  Figure  3  shows  the  different 
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Figure  2:  Pourbaix  diagram  for  the  Fe-HiO  system.  Phase  boundaries  for  10°,  10“^  and  10“®  molal  concen¬ 
tration  are  shown. 

pair  structural  configurations  with  the  Fe^  occupying  the  TN  position:  the  tetrahedral  interstitial  site 
in  the  A^th  shell  from  the  acceptor.  The  binding  energy  of  these  ion-pairs  is  £^b=0.60±0.05  eV  for  all 
Group  ni  acceptors  (B,  Al,  Ga,  In).  Thus,  for  temperatures  below  about  150°C  a  significant  fraction 
of  the  Fe+  is  bound  as  Fe+Bj  pairs.  The  statistics  of  this  association  reaction  will  be  reviewed  in  the 
solubility  section. 


The  constancy  of  Eb,  independent  of  acceptor,  is  not  completely  understood.  We  have  modified 
our  previous  model  of  the  Fe-Acceptor  pair  to  include  strain  and  electrostatics,  including  charge 
polarization,  explicitly  [5,  6, 7].  The  Fe-Si  interatomic  potential  is  expressed  as  [5, 6] 

KepW  =4e[(a/r)®],  (1) 


where  r  is  the  distance  between  atoms,  and  a  and  e  are  empirical  parameters,  a  and  e  are  fit  to  the  Fe  dif- 
fusivity  with  a  charge  state  dependence  observed  in  experiments  [8, 9].  From  the  Fe,  migration  energy 
data  £^M(Fei'')=0.68eV  and  £^M(Fe°)=0.78eV,  it  is  determined  that,  4e[a{Fe'^,  Si) /a]®=2.44x  10“^  eV 
and  4£[cr(Fe°,  Si)/o]®=2.80x  10“^  eV  (a=5.43X,  Si  lattice  constant)  [7].  The  elecrostatic  term  is 
written  as 


14., (r) 


1  r9l92 

47rereo  r 


21  7-4  J.4  tb 


for  r  >  -F  02, 


(2) 


where  a.  and  aj  are  the  valence  electron  cloud  spherical  surface  radii  (74%  of  atom  radius),  qi  and 
q2  are  the  net  charges  on  the  ions.  Local  lattice  relaxation  is  included  by  adjusting  the  acceptor-near 
neighbor  Si  atom  bond  lengths  to  the  sum  of  the  covalent  radii,  Tcov  (A)  H-rcov  (Si) ,  of  Si  and  the  acceptor 
(A).  The  acceptor  identity  enters  in  the  polarization  term  (KttCr)),  the  lattice  relaxation  term,  and  the 
interatomic  repulsion  term  (14ep(^))  [6,  7]. 


The  competition  between  the  hard  core  repulsion  and  electrostatic  attractive  forces  determines  the 
stable  pair  configuration.  Table  II  lists  for  each  pair  the  experimental  and  model  values  for  the  stable 
configuration,  the  pair  binding  energy  and  the  migration  barrier  for  near  neighbor  Fej  jumps.  The 
values  agree  well  with  experiments  indicating  that  the  polarizability  and  lattice  relaxation  corrections 
are  appropriate.  In  particular,  the  charge  state  controlled  metastable  configurations  have  been  verified 
by  experiment. 


Fe  Solubility  in  /^-Silicon 

Ion  pairing  is  not  a  factor  in  solubility  or  diffusivity  at  elevated  temperatures  (T>700°C).  The  fraction 
of  paired  Fe^,  /,  as  a  function  of  acceptor  concentration  and  temperature  is  given  by  the  relation  [15] 

[Fe+B7]/([Fe+][B;])  =  {l/ZN)  exp(£ls/fcT),  (3) 
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Table  H:  FejA^  Pair  Structure,  Binding  Energy,  and  Near  Neighbor  Migration  Barrier(“) 


Stable 

Binding  Energy 

Migration  Barrier  AKiigCFe^)  [eV] 

Pair 

Structure 

Eb  [eV] 

T1->T2 

T2-^T1 

Fe?B7 

;  (TTTp5 

((111)[10,11]) 

0.01 

1.02 

(0.9-1.0[12]) 

0.92 

Fe+Bj 

(111) 

0.56 

0.90 

0.72 

((111)[10,13, 14]) 

(0.65[15],0.58[16, 17]) 

«1.1[18]) 

(0.75[18],0.65[15]) 

Fe+AlJ 

(111) 

,  0.58 

0.65 

0.56 

((111)[19,20,21,22]) 

(0.52[23]) 

(0.64[20,  23]) 

(0.75[22]) 

Fe+Ga; 

(111) 

((111)[13,  22,24]) 

0.53 

0.60 

(0.6[25]) 

0.58 

(0.72[22]) 

Fe+In; 

(Ioop5 

((100)[13,  22,  26,  27]) 

0.55 

0.57 

0.69 

(0.6[25],0.69[22]) 

(a)  Experimental  results  are  listed  in  brackets;  (6)  (1 1  l}-trigonal  symmetry;  (c)  (lOO)-orthorhombic  symmetry. 


/  =  [Fe+B7]/[Fe]to,ai.  and  [Fe],o,ai  =  [Fe+B;]  +  [Fe+]  +  [Fe°],  (4) 

where  Z  is  the  configuration  degeneracy  (e.g.,  Z=4  for  T1  site),  and  7V=5.0xl0^^  cm  ^  is  the  Si 
lattice  site  density.  Figure  4  plots  the  Fe^B^  pair  concentration  vs.  temperature  for  a  range  of  boron 
doping  levels. 


Figure  3:  The  FejAj  pair  configurational  symme¬ 
try  is  determined  by  the  Fei  position  relative  to 
the  As-  The  Fe^As  pair  exhibits  (lll)-trigonal 
symmetry  if  the  Fe;  is  at  T1  or  T4  site.  The  FejAj 
pair  shows  (lOO)-orthorhombic  symmetry  if  the 
Fe;  is  at  T2  site. 


Figure  4:  Fraction  of  [FejBj]  to  total  [Fe]  in 
Si  solid  solution  for  various  levels  of  boron 
doping  as  a  function  of  temperature.  Except  for 
the  highest  doping  level  shown,  the  fraction  of 
paired  Fe;  is  below  5%  at  typical  processing 
temperatures. 


The  solubility  (Cs)  enhancement  of  Fe  in  p-Si  is  derived  directly  from  the  electron-hole  equilibria 
as  shown  in  the  following  equations  describing  impurity  ionization,  dopant  activation,  electron-hole 
recombination,  and  neutrality 

Fe°^Fe++e,  e  +  hv^0.  (5) 

[B;] -Fn  =  [Fe+] -bp,  (6) 

where  n  s  [e]  and  p  =  [h].  This  behavior  is  independent  of  pairing  as  the  hole  concentration  in 
excess  of  the  intrinsic  level  promotes  the  ionization  and  solution  of  Fe  donors.  Using  the  value  of 
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Table  III:  Average  initial  precipitate  size  and  density  at  620°C  and  700°C. 


Temperature 

(iVr)ppt  [cm“^] 

f  ppt  [nm] 

Mppt  [cm“^] 

620°C 

870 

13 

6.6  X  lO'* 

700°C 

910 

16 

5.7  X  10* 

the  donor  level  as  i^y+0.38  eV  and  taking  the  level  to  be  a  constant  proportion  of  the  energy 
gap  as  the  temperature  varies,  the  solubility  of  Fe  in  Si  may  be  calculated  and  plotted  as  shown  in 
Figure  5.  The  ratio  of  Cs  ip  or  p+)  to  Cg  (intrinsic)  gives,  k,  the  partition  coefficient  for  Foj  at 
a  plp'^  epilayer/substrate  interface.  Figure  6  displays  the  same  data  in  the  form  of  k  vs.  acceptor 
concentration. 


Figure  5:  Fe  solubility  in  Si,  C's(Fej),  increases 
..with  boron  concentration  [B]  and  temperature  T. 


Figure  6:  k  is  the  ratio  of  Fe  solubility,  Cs(Fei), 
in  boron  doped  Si  to  that  in  intrinsic  Si. 


In  supersaturated  solutions  Fe  precipitates  in  a  diffusion  limited  process  that  is  dictated  by  the  Fe 
diffusivity  DCFe,),  and  the  heterogeneous  nucleation  site  density  iVpp,.  The  governing  kinetic  relation 
for  the  diffusion-segregation-nucleation  process  is  given  by  [28] 


dt  dx 


+  4^riVpp,Z?[C,(Fei)-C], 


(7) 


where  C  =  [Fej]  and  D  =  D(Fei).  In  Eq.(7),  an  uniform  segregation  profile  has  been  assumed,  r  is 
the  radius  of  a  precipitate,  C's(Fei)  is  the  Fe  solubility  in  silicon.  Figure  7  plots  the  Fe  concentration  in 
solution,  measured  in  the  center  of  a  wafer  by  DLTS,  following  saturation  at  1000°C,  quench  in  water, 
and  annealing  at  620°C  and  700°C  [29].  The  data  were  analyzed  according  to  the  second  term  in 
Eq.(7)  featuring  the  Fe  precipitation  process,  and  the  values  for  the  average  precipitate  size  (rppt)  and 
number  density  (Nppt)  are  shown  in  Table  III.  As  shown  in  Figure  7  the  Fe  concentration  in  solution 
decays  asymptotically  toward  the  Fe  solubility  at  the  heat  treatment  temperature.  As  predicted  the 
time  constant  for  precipitation  is  faster  at  higher  temperatures  [30],  but  the  asymptotic  limit  is  a  higher 
concentration  of  Fe  than  C's(Fei)  at  the  heat  treatment  temperatures.  The  heterogeneous  nucleation 
of  Fe  pecipitation  occurs  at  sites  of  oxygen  precipitates.  A  Czochralski  (Cz)  grown  wafer  can  be  heat 
treated  with  a  specific  schedule  to  create  a  given  nucleation  site  density. 


Gettering  of  Fe 

The  fundamentals  developed  in  the  preceding  sections  can  be  applied  to  a  comprehensive  model  for 
the  behavior  of  Fe  in  Si.  We  give  below  application  of  this  model  to  simulate  the  gettering  of  Fe 
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time  (mins) 

Figure  7:  The  [FejEj]  at  the  center  of  Fe-contaminatedp-typeCz  Si  with  A1  backside  contact  is  plotted  against 
annealing  time  at  620°C  and  700°C,  respectively. 

in  ptp^  epitaxial  layers.  The  basic  problem  is  reduction  of  [Fe]  to  levels  of  10”  cm  ^  in  the  fastest 
possible  time  for  high  yield  processing.  Fe  is  known  to  limit  device  performance  by  a  variety  of 
mechanisms  that  range  from  the  role  of  FejBj  as  a  recombination  center  to  Fe  precipitates  acting  as 
filamentary  junction  short  circuits. 

We  model  the  roles  of  three  mechanisms  for  localizing  Fe  outside  the  epilayer:  segregation  to  the 
substrate,  precipitation  at  internal  gettering  (IG)  sites,  and  precipitation  at  damage  sites  on  the 
backside  of  the  wafer  (BSD).  Figure  8  shows  a  schematic  drawing  of  the  wafer  and  the  results  of  the 
simulator  for  four  different  wafer  designs.  FZ  (float-zoned)  designates  Si  of  low  oxygen  content  with 
no  heterogeneous  sites.  The  wafer  was  saturated  with  Fe  at  1000°C  and  gettered  at  700°C.  The  Cz 
substrates  contained  lO^cm"^  IG  sites. 

At  short  times  segregation  of  Fe  from  the  epilayer  to  the  p'^  region  occurs.  However,  due  to  the  small 
values  of  k  (<  10),  the  Fe  concentration  remains  well  above  the  target  value.  At  long  times  outdiffusion 
to  the  BSD  sites  are  effective  in  reducing  the  epilayer  Fe  concentration  for  the  FZ  substrates.  For 
the  Cz  substrates,  the  IG  sites  lower  the  substrate  Fe  concentration  fairly  rapidly  and,  in  turn,  reduce 
the  epilayer  concentration  through  the  segregation  coefficient  (fc)  multiplier.  Thus  while  segregation 
alone  is  insufficient,  segregation  with  IG  nucleated  precipitation  is  very  effective  in  reaching  the  target 
Fe  concentration  in  reasonable  times. 

Figure  9  plots  the  Fe  concentration  vs.  time  for  the  epilayer,  substrate  and  backside  for  all  for  wafer 
designs.  The  700°C  gettering  temperature  is  effective  in  generating  a  supersaturated  solution  of  Fe 
in  Si.  The  low  diffusivity  of  Fe  at  700°C  renders  the  BSD  mechanism  useless.  However,  the  IG 
mechanism  rapidly  responds  to  the  supersaturation  and  the  epilayer  is  emptied  of  Fe  to  the  target  level 
of  10''cm“^  by  short  range  diffusion  to  the /?//?+  interface. 

Summary 

We  present  a  comprehensive  model  for  the  chemical  behavior  of  Fe  in  p-Si  and  apply  this  model 
to  the  design  of  gettering  processes.  In  aqueous  solution  the  deposition  of  Fe  on  the  Si  surface  is 
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Figure  8:  Competing  gettering  mechanisms  for  lightly  doped  epilayer  on  a  p+  substrate.  FZ  represents  the 
float  zone  case  with  no  internal  gettering  sites  and  no  back  surface  damage.  FZBSD  is  the  case  with  no  internal 
gettering  sites  but  with  back  surface  damage.  Cz  is  the  case  with  internal  gettering  sites  such  as  those  generated 
by  the  high-low-high  gettering  treatment  and  CzBSD  is  the  case  with  both  internal  gettering  and  back  surface 
damage.  The  plots  show  [Fe,]  as  a  function  of  treatment  time  at  700°C. 


governed  by  the  oxidation  potential  of  the  solution  and  the  reduction  potential  of  Fe.  The  low  Fermi 
level  position  in  p-Si  retards  electron  transfer  to  reduce  Fe++  ion  for  deposition  from  HF.  The  binding 
energy  for  Fe-acceptor  pairs  was  calculated  using  a  semi-empirical  model  that  includes  local  lattice 
relaxation  and  electrostatics,  including  charge  polarization,  explicitly.  The  model  accurately  predicts 
the  observed  pair  configurations  of  Fe  with  B,  Al,  Ga  and  In.  The  dependence  of  Fe  solubility  in  Si 
on  p-doping  was  calculated  and  used  to  derive  the  partition  coefficient  for  Fe  at  a  plp^  interface  as 
a  function  of  doping  and  temperature.  The  precipitation  of  supersaturated  solutions  of  Fe  in  Si  was 
measured  and  fit  to  a  model  based  on  heterogeneous  nucleation.  These  fundamental  concepts  were 
integrated  into  a  single  model  to  simulate  the  gettering  kinetics  of  Fe  in  plp'^  epilayers  and  evaluate 
the  roles  of  segregation  at  the  epilayer  substrate  interface  and  precipitation  at  IG  and  BSD  sites. 
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Abstract.  Radioactive  ions  have  been  implanted  at  the  ISOLDE  facility  into  variously 
doped  silicon  single  crystals  to  study  the  lattice  location  and  electronic  configuration  of  ^’^Fe 
daughter  atoms  by  ^^Fe  MOssbauer  emission  spectroscopy.  Two  single  lines  in  the  spectra  are 
assigned  to  substitutional  Fej  and  interstitial  Fe;,  respectively.  The  isomer  shift,  i.e.  electron 
density,  for  Fe;  has  been  found  to  depend  on  the  doping  of  the  crystals,  this  is  attributed  to  the 
0/+  band  gap  state  of  FCj.  A  model  for  the  creation  of  both  Fej  and  Fe;  in  different  charge 
states  by  the  decay  of  ion  implanted  ^’Mn  is  proposed. 

Introduction 

Over  30  years  of  experimental  efforts  to  identify  the  Mossbauer  spectra  of  (differently  charged) 
interstitial  and  substitutional  Fe  in  silicon,  comprising  diffusion  and  implantation  of  radioactive 
^^Co  parent  and  stable  ^^Fe  Mossbauer  isotopes  as  well  as  of  Coulomb-excited  ^^"’Fe  have  led 
to  a  generally  accepted  identification  of  the  spectrum  for  interstitial  Fe,  whereas  conflicting 
interpretations  still  prevail  for  substimtional  Fe  [cf.  refs.l,  2  and  refs,  cited  there].  Here,  we 
present  first  results  obtained  from  ion  implantations  of  radioactive  ^^Mn'*'  parent  isotopes,  an 
approach,  which  is  shown  to  have  striking  advantages  over  the  previous  experimental  schemes; 
the  results  both  corroborate  and  challenge  previous  interpretations  as  well  as  theoretical 
predictions  and  are  shown  to  lead  to  a  conceivable  (re)interpretation. 

Experimental  procedures 

Laser  resonance  ionisation  has  been  applied  to  produce  ions  of  radioactive  Mn  isotopes 
obtained  from  proton- induced  fission  in  a  UC2  target  at  the  ISOLDE  on-line  mass  separator  at 
CERN  with  a  1  GeV  proton  beam  from  the  PS-Booster  accelerator.  The  radioactive  ion  beams 
were  found  to  have  unprecedented  intensity  (>10*/s  for  ^’^Mn+)  and  purity  owing  to  the 
efficiency  and  chemical  selectivity  of  the  laser  ionisation  scheme  [3].  The  ^’^Mn+  (T1/2  =  1.3  m) 
probe  ions  were  implanted  into  n-  and  p-type  silicon  with  an  energy  of  60  keV  at  77  and  297  K 
to  fluences  <10'Vcm^.  A  previously  described  implantation  chamber  was  employed  [4]; 
Mossbauer  spectra  were  measured  with  an  enriched  potassiumferrocyanide  absorber  in 
transmission  geometry.  The  isomer  shifts  are  given  at  297  K  relative  to  a-iron. 
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Experimental  results  and  discussion 

Mossbauer  emission  spectra  measured  at  297  K  after  the  implantation  of  at  that 

temperature  into  differently  doped  silicon  crystals  are  shown  in  Fig.  1.  These  as  well  as  corres- 


VELOCITY  [mm/sj 


Fig.  1:  Mossbauer  emission  spectra  from  ^’Mn  implanted  and  measured  at  297  K  in  silicon. 
Upper  spectrum;  intrinsic,  n-  and  p-type  material,  lower  spectrum  (scaled  by  multiplication 
with  4):  n'*'-type  material. 

ponding  spectra  measured  for  implantation  at  77  K  could  be  analysed  consistently  in  terms  of 
three  spectral  components;  two  single  lines  and  a  quadrupole-split  third  line,  the  fits  are 
indicated  in  the  figure.  Although  the  statistical  accuracy  of  these  first  spectra  is  comparable  to 
those  previously  published  for  different  parent  isotopes  [cf.  refs.  1,2,  and  5],  the  analysis 
cannot  be  considered  unequivocal.  The  presence  of  the  two  single  lines,  however,  is 
unambiguous  and  the  presence  of  a  weak  third  quadrupole-split  component  (5  =  .17(8)  mm/s, 
AEq  =  1.02(8)  mm/s  and  20%  spectral  intensity  at  297  K)  is  justified  because;  1.  it  leads  to 
second  order  Doppler  shifts  for  all  lines  between  77  and  297  K  consistent  with  theory  and  2.  a 
strong  annealing  effect  (within  the  lifetime  of  ^'^Mn,  t:  =  1.9  min)  is  found  for  the  quadrupole- 
split  line,  its  spectral  intensity  decreases  by  about  a  factor  of  two  between  77  and  297  K  and 
leads  to  a  corresponding  increase  mainly  of  one  of  the  single  lines.  This  analysis  is  furthermore 
in  general  agreement  with  that  of  in-beam  spectra  obtained  from  implanted  Coulomb-excited 
57mFe  and  annealing  effects  observed  there  for  a  similar  quadrupole-split  line  at 
correspondingly  higher  temperatures  due  to  annealing  times  of  order  100  ns,  i.e.  the  lifetime  of 
the  excited  ^^Fe  states  [5].  A  more  detailed  comparison  of  these  effects  in  both  experiments 
will  be  discussed  in  a  forthcoming  paper  and  the  question  of  the  hitherto  unknown  nature  of 
this  quadrupole-split  “damage”  site  [5]  will  be  addressed.  Here  we  concentrate  on  the 
comparison  and  interpretation  of  the  single  lines,  the  (relative)  parameters  of  which  were  found 
not  to  be  critically  affected  by  slightly  different  analysis  procedures  applied  tentatively  to  the 
present  data.  The  errors  given  take  the  uncertainty  of  the  analysis  procedure  into  account,  the 
relative  errors,  relevant  for  the  significance  of  a  shift  of  lines  in  different  spectra,  are  smaller. 
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It  is  noticable  in  Fig.  1  that  the  position  of  the  dominating  resonance  line  (at  negative  velocity, 
i.e.  with  a  positive  isomer  shift)  is  shifted  in  the  two  spectra,  whereas  no  such  shift  is  indicated 
from  the  analysis  for  the  other  single  line.  The  isomer  shifts  for  the  dominating  line  in  n‘''-Si, 
which  was  P  doped  to  (3-4)'10^°/cm^  by  ion  implantation  followed  by  rapid  thermal  annealing 
[6],  is  determined  to  5  =  .75(2)  mm/s,  whereas  in  all  other  materials  (intrinsic  or  up  to 
5-10^®/cm^  B-  or  P-doped)  the  same,  significandy  higher  value  of  5  =  .80(2)  mm/s  is  found 
(these  spectra  have  been  added  in  Fig.  1).  The  latter  value  is  in  reasonable  agreement  with  that 
of  ref.  5  (5  =  .84(2)  mm/s)  for  the  only  single  line  observed  below  600  K,  which  has  been 
unambiguously  attributed  to  interstitial  Fcj^®)  from  the  diffusional  line  broadening  at  higher 
temperatures  [5].  Even  when  considering  the  slighdy  different  analysis  procedures,  this  value 
appears  not  consistent,  however,  with  the  value  measured  here  for  n'^'-type  material.  The 
isomer  shift  for  a  second  single  line,  observed  only  at  much  higher  temperature  in  ref.  5,  is 
roughly  in  agreement  with  the  value  for  the  second  (weak)  single  line  observed  here,  5  =  - 
.01(3)  mm/s,  when  the  second  order  Doppler  shift  (SOD)  is  taken  into  account.  This  value  is 
also  in  fair  agreement  with  a  value  of  5  =  -.07(3)  mm/s  found  for  the  only  single  line  in  the 
spectra  after  the  implantation  of  radioactive  ^^Co+  (Ty2  =  270  d)  precursor  ions  at  300  K  and 
for  4  K  implantations  after  annealing  to  300  K.  This  line  has  been  suggested  to  be  due  to 
substitutional  Fe^  [1].  This  assignment  will  be  shown  to  be  corroborated  by  the  present  results 
as  discussed  below.  The  concordant  assignments  of  the  two  single  lines  found  here 
simultaneously  and  in  either  of  the  above  cited  references  to  substitutional  FOj  (8  =  -.04  mm/s) 
and  interstitial  Fe;  (5  =  .8  mm/s)  appears  also  well  founded  on  the  basis  of  theoretical 
calculations  for  their  isomer  shifts  which  yielded  values  (at  0  K,  refs.  7/8,  respectively)  of: 
S(Fes)  =  -.06/+.13  mm/s,  SOFei**)  =  .625/.89  mm/s,  and  SOFe;''')  =  .543/.81  mm/s.  These  are  in 
sufficiently  good  agreement  with  the  experimental  values  (corrected  for  SOD)  to  support  the 
site  assignments  although  the  deviations  amongst  them  and  to  the  experimental  values  are 
considerable.  However,  given  the  site  assignments  of  the  lines  to  be  correct,  the  questions  arise 
whether  the  subtle  but  significant  differences  in  the  Fej  isomer  shifts  in  differently  doped 
material  can  be  related  to  Fe^  charge  states  and  whether  the  presence  or  absence  of  interstitial 
or  substitutional  lines  in  the  spectra  can  be  understood  on  the  basis  of  the  possibly  different 
implantation  behaviour,  i.e.  resulting  lattice  location,  of  the  three  different  radioactive  probe 
atoms  applied  in  the  experiments.  In  this  context  the  following  considerations  appear  important 
to  arrive  at  an  (unified)tinteipretation  of  these  results. 

Firstly,  we  address  questions  related  to  the  electronic  effects  of  the  nuclear  decays,  assuming 
for  simplicity  an  (most  likely)  interstitial  location  of  the  implanted  ions;  analoguous  arguments 
apply  for  a  substitutional  location.  The  band  gap  states  for  interstitial  Mn;  and  Fej,  shown 
schematically  in  Fig.  2,  and  their  electron/hole  capture/emission  rates  have  been  determined 
mainly  by  deep-level  transient  spectroscopy  [9-11].  Initially,  for  times  <  10'^^  s  after  the 
implantation,  the  charge  states  of  (interstitially)  implanted  Mn,  Fe,  or  Co  ions  can  be  assumed 
to  be  1+  (if  no  2+  states  exist  in  the  band  gap).  Owing  to  their  long  halflives  both  Mnj  and  Co; 
can  generally  assume  their  Fermi-level  dependent  thermal  equilibrium  charge  states  prior  to 
their  decay.  This  question  is  more  critical  in  the  in-beam  experiments  [5]  within  the  lifetime  of 
the  excited  nuclear  ^’^"’Fe  states  (=  100  ns);  in  fact,  for  the  n-type  material  employed  (3-10^^ 
P/cm^),  even  without  taking  the  effect  of  the  radiation  damage  into  account  (see  below), 
electron  capture  is  unlikely  to  occur  on  the  basis  of  the  known  rates  for  the  0/+  Fe;  band  gap 
state  [9].  Hence,  contrary  to  the  interpretation  in  ref.  5,  we  propose  that  the  measured  isomer 


440 


Defects  in  Semiconductors  -  ICDS-19 


Conduction  Band 


Fig.  2:  Schematic  band  gap  levels  of  interstitial  Mn;  and  Fe;',  the  nuclear  decay  path  from 
different  Mn;  to  Fe;  charge  states  is  indicated  by  arrows. 


shift  for  the  single  line  is  that  of  Fq^  and  not  It  is  interesting  to  note  that  also  the 
diffusion  coefficient  deduced  from  the  line  broadening  for  Fej  [5]  appears  to  be  in  slightly 
better  agreement  with  that  measured  for  Fe;"*'  than  for  Fc;®  in  ref.  12,  however,  these  diffusion 
coefficients  are  still  a  matter  of  debate  [12,13].  Likewise,  very  high  doping  levels,  i.e.  elecffon 
capture  rates,  would  be  needed  in  the  case  of  interstitial  Co  parent  probe  atoms  as  the  Co 
electron-capture  decay  is  known  to  leave  the  ^^Fe  daughter  atoms  in  highly  charged  (non¬ 
equilibrium)  states  (<  7-I-).  Although  multiply  charged  valence  band  states  can  be  assumed  to  be 
filled  within  times  much  shorter  than  the  nuclear  excited  state  lifetime  [2],  Fei^^"^  are  likely  to 
result,  if  a  2+  state  should  exist  as  suspected  [14],  unless  the  capture  rates  are  comparable  to 
the  nuclear  lifetime.  This  appears  difficult  to  achieve  if  the  radiation  damage  from  the 
implantation  is  not  completely  annealed  since  this  damage  is  known  to  introduce  a  locally  high 
density  of  deep-level  states  in  the  band  gap.  The  situation  is  different  for  implanted  ^'^Mn+  ions, 
which  can  assume  their  equilibrium  charge  state  within  the  much  longer  ground  state  halflife 
and  the  subsequent  P'-  decay  is  anticipated  to  affect  the  electronic  structure  much  less  severely 
as  effectively  only  the  nuclear  charge  changes  by  +1.  For,  e.g.,  Mn;'  in  equilibnum  in  n-type 
material,  its  decay  leads  to  Fei°,  which  is  likewise  the  equilibrium  charge  state  (cf.  Fig.  2)  and 


correspondingly  this  applies  in  intrinsic  or  moderately  doped  p-type  material  for  the  Fei+  state. 
Thus,  irrespective  of  whether  or  not  the  electron/hole  capture  rates  allow  for  the  Fe 
equilibrium  state(s)  to  be  reached,  these  are  obtained  “naturally”  in  the  P  -  decay  in  favourable 
cases.  These  considerations  then  suggest  that  the  Fej®  state  isomer  shift  has  been  measured  in 
n+-type,  whereas  Fej^  results  in  all  other  types  of  material  employed.  That  the  Fej**  state  is  not 
observed  in  n-type  material  can  be  attributed  to  the  effect  of  the  radiation  damage  and  the  same 
isomer  shift  value  also  for  p-type  material  -idicates  that  no  multiply  charged  band  gap  states 
exist  for  Fe;  in  contrast  to  Mn;.  The  isomer  shift  value  for  interstitial  Fe  from  the  m-beam 
experiment,  reinterpreted  here  as  that  for  Fei+,  and  the  corresponding  present  result  are,  as 
pointed  out  above,  in  reasonable  agreement,  whereas  the  value  assigned  here  to  Fe  °  is 
significantly  lower.  This  apparent  consistency  of  the  above  interpretation  is  spoilt,  however,  on 
the  one  hand,  by  recent  results  from  in-beam  experiments  [15]  at  300  K  for  Fe;  in  p-type 


material  (B-doped  to  10^‘’/cm^),  yielding  an  isomer  shift  of  5  =  .75(3)  mm/s,  i.e.  coincident 
with  the  value  assigned  here  to  Fej^.  On  the  other  hand,  from  the  calculations  cited  above  an 


isomer  shift  difference  of  8(Fei+)  -  5(Fei«)  =  -.08  mm/s  is  predicted,  in  agreement  with  the 
results  of  ref.  15,  but  in  disagreement  with  the  results  obtained  here.  It  appears  meaningless 
and  difficult,  however,  to  point  at  a  most  likely  physical  explanation  for  these  deviations 
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because,  as  stated  above,  the  statistical  quality  of  all  spectra  measured  so  far  does  not  yet  allow 
for  a  unambiguous  analysis/interpretation.  In  particular,  the  presence  of  a  quadrupole-doublet 
in  the  analysis  of  all  spectra  does  affect  the  position(s)  of  the  single  line(s)  on  the  subtle  scale 
considered  in  this  context.  In  the  present  case  at  297  K  its  spectral  intensity  of  only  20%  makes 
the  position  of  the  dominating  single  line  probably  less  uncertain  than  for  the  in-beam 
experiments,  where  the  quadrupole-split  line  dominates  (66%  intensity),  and  where 
furthermore  its  isomer  shift  changes  apparently  more  than  that  of  the  single  line  for  n-  and  p- 
type  material  [15].  This  is  not  indicated  in  the  analysis  of  the  present  data.  Also,  in  the  present 
experiments  n+-type  and  other  type  materials  were  measured  altematingly  and  the  relative  line 
shift  was  observed  both  at  77  and  297  K.  In  conclusion,  the  question  whether  or  not  the 
changes  in  the  isomer  shift  of  interstitial  Fe  are  in  accordance  with  the  theoretical  predictions 
for  the  0/-I-  charge  states  remains  open  for  the  time  being;  this  problem  appears  accessible, 
however,  to  experiments  with  ^^Mn.  It  should  be  noted  in  this  context  that  although  the 
electronic  configuration  of  has  been  studied  extensively  by  electron  spin  resonance  and 
electron  nuclear  double  resonance  [e.g.  16,17]  and  a  remarkable  degree  of  agreement  with 
calculated  hyperfine  interaction  parameters  has  been  concluded  [7,18],  the  isomer  shift 
measured  by  Mossbauer  spectroscopy,  which  is  directly  proportional  to  the  total  electronic 
density,  would  still  constitute  a  valuable,  critical  test  of  the  theory. 

Secondly,  we  address  questions  related  to  the  lattice  location  of  the  implanted  probe  atom 
species.  In  the  in-beam  experiments  the  Fe  concentrations  are  presumably  below  the  solubility 
limit,  whereas  both  for  the  Mn  and  Co  implantation  experiments  this  limit  is  exceeded  at  least 
for  temperatures  <  300  K.  However,  from  the  diffusivity  of  Mn;  [11]  this  is  not  expected  to 
lead  to  clustering  or  segregation,  whereas  pair  formation  with  dopant  atoms  could  occur  at 
297  K  in  heavily-doped  material  within  its  lifetime.  For  Co  implantations  [1]  the  observed 
annealing  effects  at  5  300  K  have  been  suggested  to  result  from  the  reaction  Coj  +  V  COj 
with  mobile  vacancies,  Y,  leading  to  substitutional  Co^.  The  analogous  reaction  with  Fe  might 
be  indicated  at  correspondingly  higher  temperatures  in  the  in-beam  experiments.  However,  as 
for  the  present  Mn  experiments,  the  annealing  reaction  rather  occurs  by  the  simultaneous 
annealing  of  the  “damage”  site  [5],  dominant  in  all  experiments  at  low  temperature,  where  the 
local  impurity  surrounding  is  not  known  presently.  In  the  Co  and  Fe  cases,  on  the  other  hand, 
the  recoil  energy  imparted  on  the  decaying  probe  atom  is  too  low  to  alter  its  lattice  location. 
This  situation  is  different  for  ^^Mn,  where  an  average  recoil  energy  of  <Er>  =  20  eV  is 

imparted  on  the  ^^Fe  nucleus.  This  may  lead  to  its  displacement  from  both  an  interstitial  or  a 
substitutional  parent  site  (as  well  as  from  a  “damage”  site).  Adopting  from  the  in-beam 
experiments  with  Fe  that  -  apart  from  the  “damage”  site  -  an  interstitial  lattice  location  is  also 
most  favourable  for  Mn  in  the  implantation  process,  a  substitutional  relocation  due  to  a 
replacement  collision  with  the  lattice  atoms  appears  possible  as  the  recoil  energies  exceed  the 
Si  displacement  energy.  From  the  mass  difference  between  Si  and  Fe,  this  process  should  have 
a  much  lower  probability,  however,  than  an  interstitial  relocation.  These  relocation  effects  are 
proposed  to  be  the  origin  of  the  5-8%  substitutional  Fe  location  found  at  77  K,  where  a  much 
larger  fraction  =  50%  is  located  on  interstitial  sites.  The  strong  annealing  of  the  quadrupole 
doublet  for  297  K  implantations  leads  supposedly  also  for  Mn  to  an  increase  mainly  of  the 
substitutional  site  fraction,  which  attains  >  20%  spectral  intensity,  however,  also  the  interstitial 
fraction  increases  significantly.  This  may  again  be  attributed  to  the  recoil  effects,  which  for 
energies  slightly  above  the  displacement  threshold  of  substitutional  Fe  are  expected  to  result  in 
an  interstitial  relocation  [19].  Thus  irrespective  of  the  lattice  location  of  the  Mn  parent  probes 
the  Fe  daughter  atoms  are  anticipated  to  be  relocated  with  considerable  probability  by  the 
recoil  energy  involved  in  the  nuclear  decay,  which  leads  to  the  (athermal)  simultaneous 
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creation  of  both  interstitial  and  substitutional  Fe  in  particular.  This  lattice  location  is  then 
maintained  within  the  lifetime  of  the  nuclear  excited  state  of  only  140  ns,  up  to  600  K  for  Fej 
as  inferred  from  the  in-beam  experiments.  The  electronic  configuration,  on  the  other  hand,  is 
unlikely  to  be  altered  in  the  recoil  process  as  it  leads  to  velocities  much  smaller  than  electronic 
velocities.  Subsequently,  within  the  lifetime  of  the  excited  state,  this  appears  possible  only  in 
highly  doped  material  as  argued  before.  The  same  isomer  shift  value  determined  in  the  present 
investigation  for  substitutional  Fe^  in  all  types  of  material  is  therefore  consistent  with  no  band 
gap  state  of  Fe^  as  indicated  also  from  theory  [20].  The  small  difference  in  the  isomer  shift  to 
that  from  the  Co  experiments  can  again  be  attributed  to  the  insufficient  spectral  accuracy. 

In  summary,  the  experimental  values  for  the  isomer  shifts  of  both  interstitial  and  substitutional 
Fe  in  silicon  can  be  considered  as  well  established  although  the  charge  state  dependence 
expected  for  Fei°''+  has  to  be  investigated  further.  The  deviations  of  either  of  the  two  respective 
theoretical  values  appear  significant,  however,  and  may  be  indicative  of,  e.g.,  relaxational 
effects  as  proposed  for  Fe^  [14],  which  are  not  taken  into  account  in  the  calculations. 
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Abstract. 

We  studied  the  recombination-enhanced  jump  of  Fe  atom  between  the  first  and  second  neighbor 
sites  of  group  III  acceptors  in  Si.  Specimens  were  p-type  Si  doped  with  Al,  Ga  or  In  around  10' ^ 
atoms.cm-3.  Fe  was  doped  with  the  vapor  method,  namely,  annealing  specimens  at  high 
temperature  in  Fe  vapor  followed  by  quenching.  Specimens  were  annealed  at  SOTl  to  generate  the 
first  and  second  neighbor  Fe-acceptor  pairs.  The  concentrations  of  those  pairs  were  measured  by 
ESR  measurement  at  lOK.  After  annealing  at  around  150  K  under  optical  excitation,  the 
concentration  of  the  first  neighbor  pair  was  decreased  and  that  of  the  second  neighbor  pair  was 
increased.  Activation  energies  for  the  above  changes  were  about  0.1 1,  0.08  and  0.02  eV  for  Fe-Al, 
Fe-Ga  and  Fe-In  pairs,  respectively.  These  are  much  smaller  than  that  (about  0.8  eV)  of  thermal 
annealing  alone.  The  optical  threshold  energies  for  the  above  phenomena  corresponded  to  the 
energy  difference  between  the  bottom  of  conduction  band  and  the  energy  levels  of  group  III 
acceptors. 

Introduction. 

In  this  report,  we  showed  our  study  on  the  recombination-enhanced  jump  of  Fe  atom  between  the 
first  and  second  neighbor  sites  of  group  HI  acceptors  in  Si. 

Chantre  and  Bois  [1]  found  two  kinds  of  donor  levels  associated  with  Fe-Al  pairs  and  showed  that 
they  corresponded  to  the  stable  and  metastable  configurations  of  pairs.  Kimerling  and  Benton  [2] 
first  showed  that  Fe  in  Fe-B  pairs  in  Si  showed  recombination-enhanced  dissociation  below  room 
temperature.  According  to  them,  Fe-B  pairs  were  dissociated  due  to  minority-carrier  injection  at 
temperatures  low  enough  to  prevent  their  thermal  dissociation.  Nakashima  et  al.[3]  studied  the 
above  process  in  a  more  detailed  manner  after  illumination  or  injection  of  minority  carriers  with  the 
use  of  thermally  stimulated  capacitance  (TSCAP)  method  and  found  some  new  energy  levels.  They 
interpreted  those  energy  levels  to  be  associated  with  the  second  and  more  distant  neighbor  pairs  of 
Fe-B.  It  is,  however,  difficult  to  determine  the  kinds  of  neighbors  by  TSCAP  method. 

In  contrast  to  the  capacitance  method,  the  ESR  method  is  a  powerful  method  to  determine  the  kind 
of  neighbors  since  it  makes  possible  to  determine  the  symmetry  of  neighbors.  In  really,  Takahashi 
et  al.[4]  determined  the  energy  difference  between  the  first  and  second  neighbor  pairs  of  Fe-Al, 
Fe-Ga  and  Fe-In  from  the  measurement  of  generation  processes  of  those  pairs  by  the  ESR  method. 
One  of  the  interesting  features  of  these  pairs  is  that  configurations  of  the  stable  and  metastable 
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states  are  different;  namlely,  the  first  neighbor  pair  is  the  stable  state  for  Fe-Al  and  Fe-Ga  pairs 
while  the  second  neighbor  pair  is  the  stable  state  for  Fe-In  pair.  Hence  one  of  the  interesting  point 
to  investigate  systematically  the  recombination-enhanced  jump  of  Fe  atom  in  these  pairs  is  the 
direction  of  Fe  atom  jump;  namely,  whether  it  is  from  the  stable  to  metastable  state  or  from  the  first 
neighbor  site  to  the  second  one. 

For  the  study  of  recombination-enhanced  Fe  atom  jump  between  the  first  and  second  neighbor 
sites,  we  applied  the  ESR  method  to  discriminate  clearly  the  concentrations  of  the  first  and  second 
neighbor  pairs.  A  part  of  this  study  was  published  elsewhere[5]. 

Experiment. 

The  Si  crystals  used  in  this  study  were  grown  by  the  floating-zone  grown  method.  The 
concentrations  of  Al,  Ga  and  In  were  2x10*5,  5x10*5  and  3x10*5  atoms.cm-3,  respectively.  We 
cut  out  specimens  from  the  above  crystals  in  parallelpiped  shape,  3.0x3.5x14.5  mm,  the  longest 
side  of  which  was  parallel  to  the  [1 10]  direction.  After  shaping  and  chemical  polishing,  we  doped 
specimens  with  Fe  with  the  vapor  method;  namely,  we  sealed  specimens  in  evacuated  quartz 
capsules  together  with  pieces  of  high-purity  Fe  wire,  annealed  them  at  around  llOO'C  and  then 
quenched  them  in  iced  water.  Fe-acceptor  pairs  were  not  detected  just  after  quenching  since  the 
quenching  rate  was  too  high  for  such  pairs  to  be  generated  during  quenching.  We  annealed 
specimens  at  80°C  for  2  hrs  to  generate  Fe-acceptor  pairs.  After  the  above  annealing,  we  detected 
ESR  signals  of  both  the  first  and  second  neighbor  pairs. 

We  illuminated  specimens  at  around  150  K  in  a  continuous-flow-type  liquid  helium  cryostat. 
Diffusion  of  Fe  atom  is  almost  impossible  at  this  temperature  without  optical  excitation.  To 
determine  the  threshold  energy  for  the  optical  excitation,  we  Uluminated  monochromatic  light, 
which  was  generated  with  the  uses  of  lenses,  a  halogen  lamp  and  a  grating  monochromator. 
Spectral  resolution  was  about  6  meV  at  1.16  eV.  In  order  to  determine  concentrations  of 
Fe-acceptor  pairs  at  various  neighbors,  we  measured  ESR  of  an  X-band  spectrometer  at  10  K  with 
the  use  of  the  above  cryostat. 

Results. 

Figure  1  shows  the  ESR  spectra  of  the  first 
neighbor  (Fig.  1(a))  and  the  second 
neighbor  (Fig.  1(b))  Fe-Al  pairs  before 
(solid  line)  and  after  (dotted  line) 
illumination  with  1.2  eV  photons  at  150  K 
for  30  min.  As  is  clearly  shown,  the 
intensity  of  the  first  neighbor  pair  decreases 
and  that  of  the  second  one  simultaneously 
increases  due  to  the  illumination  of  light. 

These  results  may  come  from  the  change  of 


MAGNETIC  FIELD  (GAUSS) 


Fig.  1  ESR  spectra  of  the  (a)  first  and  (b)  second 
neighbor  pairs  of  Fe-Al  before  (solid  lines)  and 
after  (dotted  lines)  illumination  of  1.2  eV  photons 
at  150  K.  Spectra  were  measured  at  10  K. 
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charge  states  of  the  first  and  the  second  neighbor  pairs  to  ESR  inactive  and  to  ESR  active  ones, 
respectively.  It  was  clarified  that  this  was  not  the  case  since  the  changes  of  Fig.  1  were  not 
observed  when  we  illuminated  specimens  at  10  K.  Hence  the  changes  in  Fig.  1  are  really  caused 


by  the  change  of  Fe  atom  site  from  the 
first  to  the  second  neighbor  site  of  A1 
since  the  electronic  transition  itself 
occurs  even  at  low  temperature. 

Figure  2  shows  the  dependence  of  the 
illumination  effect  on  the  ESR 
intensities  of  the  first  and  the  second 
neighbor  Fe-Ga  pairs.  Those  intensities 
are  proportional  to  the  concentrations  of 
pairs.  From  this  figure,  we  noticed 
three  features.  The  first  is  that  the  sum 
of  the  intensities  of  the  first  and  the 
second  neighbor  pairs  is  almost 
constant  suggesting  that  the  change  of 


Fe  atom  sites  mainly  occures  between 
the  first  and  the  second  neighbor  site  of 
Ga  atom.  The  second  is  that  the  time 
constant  for  the  change  of  intensity  is 


Illumination  lime  (s) 

Fig.  2  The  dependence  of  ESR  intensities  of  the  first 
and  second  neighbor  Fe-Ga  pairs  on  the  illumination 
time  at  various  temperatures. 


shorter  at  higher  temperatures,  which 
suggests  the  contribution  of  thermal 
activation  for  Fe  atom  jump  under  the 
recombination-enhanced  condition. 
Finally,  the  saturation  intensity  of  the 
first  neighbor  pair  seems  not  0  but 
some  finite  value,  which  suggests  the 
occurrence  of  Fe  atom  Jump  not  only 
from  the  first  to  the  second  neighbor 
site  of  Ga  but  also  from  the  second  to 
the  first  one. 

Figure  3  shows  the  dependence  of  the 
illumination  effect  on  the  ESR 
intensities  of  the  first  and  the  second 


neighbor  Fe-In  pairs.  In  contrast  to  the 
case  of  Fe-Ga  pair,  the  intensity  of  the 
first  neighbor  pair  was  weaker  than  that 
of  the  second  neighbor  pair.  This 


Illumination  time  (s) 

Fig.  3  The  dependence  of  ESR  intensities  of  the  first 
and  second  neighbor  Fe-In  pairs  on  the  illumination 
time  at  various  temperatures. 
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comes  from  the  fact  that  the  second  neighbor  pair  is  the  stable  state  in  the  case  of  Fe-In  pair  as 
mentioned  in  the  introduction.  The  effect  of  illumination  on  the  change  of  concentrations  of 
neighbors,  however,  was  similar  to  that  of  Fe-Ga  pair.  Hence  we  conclude  that  the  net  direction  of 
Fe  atom  jump  under  the  recombination-  enhanced  condition  is  not  from  the  stable  to  metastable 
configurations  but  from  the  first  to  the  second  neighbor  site  of  acceptor. 

From  the  temperature  dependence  of  time  constant  for  the  change  of  intensities  of  the  first  and  the 
second  neighbor  pairs  under  illumination,  we  determined  the  activation  energy  for  the 
recombination-enhanced  motion.  Table  1  shows  the  results  together  with  the  activation  energy 
without  optical  excitation.  As  clearly  shown  in  Table  1, 

the  activation  energies  under  optical  excitation  are  much  Table  1  Activation  energy  under  illu- 
“  mination  (EiHumi.)  and  without 

smaller  than  those  under  no-illumination.  illumination  (^). 

To  determine  the  threshold  energy  of  opdcal  excitation  for 

the  recombination-enhanced  Fe  atom  jump,  we  measured 

the  dependence  of  the  second  neighbor  concentration  on 

the  energy  of  illuminated  photon.  We  analysed  the  data 

with  the  Lucovsky  model  which  is  known  to  be  apphcable 

for  the  optical  transition  of  electrons  between  an  energy 


level  in  the  band  gap  and  a  band,  for  example,  the 
conduction  band.  Table  2  shows  the  results 
together  with  the  differences  between  the  band 
gap  energy  and  the  threshold  energies.  From 
Table  2,  we  know  that  the  threshold  energies 
coincide  well  with  the  difference  between  the 
bottom  of  conduction  band  and  acceptor  levels  of 
group  ni  acceptors  and  therefore  electrons  are 
excited  from  ionized  acceptors  to  the  conduction 


Table  2  Threshold  energy  (Eth)  for  the  illu¬ 
mination  effect.  Eion.  is  the  ground  state 
energy  of  acceptor  impurity. 


Pair 

E,h(eV) 

Eg-Eth 

(meV) 

Eion. 

(meV) 

Fe-Al 

1.095 

65 

69 

Fe-Ga 

1.087 

73 

73 

Fe-In 

0.99 

170 

156 

band. 


Discussion. 

Here  we  discuss  about  the  recombination  process  of  electrons  and  holes  at  energy  levels  of 
Fe-acceptor  pairs,  and  the  efficiency  of  the  recombination  energy  for  the  jump  of  Fe  atom . 

In  the  case  of  Fe-B  pair,  Nakashima  et  al.  [3]  showed  that  the  recombination  of  electrons  and  holes 
took  place  between  the  electron  captured  at  the  acceptor  level  of  Fe-B  pair  and  the  hole  captured  at 
the  donor  level  of  Fe-B  pair.  We  measured  the  DLTS  spectrum  to  determine  the  acceptor  level  of 
Fe-Ga  pair  by  injecting  minority  carriers  refering  to  Brotherton's  method  [6].  We  did  not  detect  the 
acceptor  level  probably  because  the  level  was  too  shallow.  According  to  our  estimation  taking  the 
experimental  condition  of  our  DLTS  measurement  into  consideration,  the  energy  level  should  be 
nearer  than  50  meV  to  the  conduction  band.  This  is  probably  the  case  also  for  Fe-Al  and  Fe-In 
pairs.  The  donor  levels  of  Fe-group  III  acceptor  have  been  reported  already.  Table  3  shows  the 
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recombination  energies  determined  from  the  difference  between  the  acceptor  levels,  which  were 
assumed  to  be  between  0  and  50  meV,  and  the  donor  levels  of  Fe-group  III  acceptors. 

As  shown  in  Table  3,  these  energies  are  slightly  larger  than  the  magnitudes  of  the  reduction  of 
thermal  activation  energy  due  to  the  recombination  enhancement.  In  the  following,  we  will  discuss 
about  the  mechanism  of  the  recombination-  enhanced  reaction  (Fe  atom  jump  in  our  case)  based  on 
Table  3. 

Roughly,  two  theories  have  so  far  been 
proposed  to  explain  the  recombination- 
enhanced  reaction.  Weeks  et  al.[7] 
proposed  a  model  in  which  they  described 
defect  and  its  surroundings  as  a  strongly 
coupled  oscillators.  The  defect  energized  by 
the  recombination  dissipates  energy  to  the 
oscillator  and  the  recombination-enhanced 
reaction  takes  place.  According  to  this 
model,  whole  of  the  recombination  energy 
is  transfered  to  the  reaction.  As  shown  in 
Table  3,  this  is  not  the  case  in  our  experiment.  Sumi  [8,9]  proposed  another  model,  the 
phonon-kick  mechanism,  in  which  he  described  the  recombination-enhanced  reaction  in  terms  of 
chemical  reaction  coordinate  diagram.  He  introduced  a  factor  g  which  was  the  direction  cosine 
between  the  recombination  coordinate  and  the  reaction  coordinate.  From  the  application  of  this 
theory  to  our  experimental  results,  the  factor  g  was  estimated  to  be  around  0.75.  Therefore  the 
recombination  energy  seems  to  be  effectively  used  for  the  reaction. 

The  recombination-enhanced  Fe  atom  jump  occurs  both  directions  between  the  first  to  the  second 
neighbor  site  of  acceptor  as  mentioned  already.  In  really,  the  activation  energies  were  the  same  for 
both  directions.  In  such  case,  the  saturation  value  after  long  duration  of  the  recombination- 
enhanced  motion  is  determined  by  the  net  jump  rate,  namely,  number  of  atomic  jump  path  from  the 
first  to  the  second  neighbor  site  and  vice  versa  of  the  acceptor  atom,  and  populations  at  both  sites, 
not  by  the  stability,  namely,  the  stable  and  metastable  state.  From  the  geometrical  consideration,  the 
ratio  of  the  path  number  from  the  first  to  the  second  and  vice  versa  are  3/4  and  2/4,  respectively. 
Our  experimental  results  were  different  from  this  value.  We  have  not  succeeded  to  explain  the 
reason  for  this  discrepancy. 

Conclusions. 

We  studied  the  recombination-enhanced  Fe  atom  jump  between  the  first  and  second  neighbor  sites 
of  group  III  acceptors,  such  as  Al,  Ga  and  In  in  Si  and  obtained  following  conclusions. 

The  activation  energies  for  the  Fe  atom  jump  were  much  reduced,  by  about  0.66  eV,  by  the 
illumination.  The  optical  threshold  energy  corresponded  to  the  excitation  of  electrons  from  the 
acceptor  levels  of  group  III  acceptors  to  the  conduction  band.  About  75  %  of  the  recombination 


Table  3  The  recombination  energy  (Erecom.)  defined 
as  the  difference  between  the  acceptor  level  and  the 
donor  level  of  Fe-Acceptor  pair.  "Fraction"  is  defined 
as  (Eo-Ejiiun,i)/Erecom.  • 


Pair 

ErecomC®^) 

Eo-Eillumi(eV) 

Fraction 

Fe-Al 

0.91-0.96 

0.71 

0.78-0.74 

Fe-Ga 

0.88-0.93 

0.67 

0.76-0.72 

Fe-ln 

0.84-0.89 

0.67 

0.80-0.75 
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energy  was  supplied  for  the  Fe  atom  jump. 
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Abstract.  Iron  was  precipitated  in  FZ  silicon  and  Cz  silicon  with  varying  densities  of  oxygen 
precipitates,  including  Cz  material  with  no  oxygen  precipitates.  Computer  simulations  based  on 
Ham’s  law  were  fitted  to  experimental  data  to  obtain  iron  precipitation  site  densities.  Iron 
precipitate  densities  were  found  to  decrease  with  increasing  precipitation  anneal  temperatures  until 
=500°C,  yielding  a  trap  energy  of  0.49±0.14  eV.  Above  500°C,  the  precipitation  site  density 
remained  approximately  constant.  Iron  precipitate  site  densities  increased  with  oxygen  precipitate 
densities,  and  correlated  with  oxygen  precipitate  surface  areas.  Iron  precipitate  site  densities  in  FZ 
material  were  found  to  be  higher  than  in  Cz  with  no  oxygen  precipitates.  We  suggest  that  vacancy 
agglomerations  may  be  the  dominant  trapping  defect  in  K. 


Introduction. 

Transition  metal  impurities  in  silicon  such  as  Cu,  Ni,  and  Fe  are  known  to  reduce  device  yields, 
and  in  photovoltaic  (PV)  devices,  conversion  efficiencies.  In  the  integrated  circuit  (IC)  industry, 
the  direct  introduction  of  metals  from  the  melt  during  crystal  growth  is  not  probable  if  the 
necessary  precautions  are  taken  [1].  The  contamination  frequently  occurs  during  cutting  and 
polishing  of  wafers  and  processing  steps  during  device  fabrication.  In  the  PV  industry,  cheaper 
starting  materials  and  lower  cost  processes  introduce  significant  amounts  of  metal  impurities  into 
the  bulk  material.  Precipitation  of  these  metals  during  cooling  from  high  temperatures  is  an 
important  process  in  both  IC  and  PV  industries.  In  the  IC  industry,  oxygen  precipitates  are 
intentionally  created  in  the  bulk  of  the  wafer  in  order  to  create  precipitation  sites  for  the  metal 
impurities.  This  technique  getters  impurities  away  from  the  device  region  on  the  surface, 
improving  device  yields.  In  the  PV  industry,  the  stabihty  of  the  metal  precipitates  in  the  bulk 
appears  to  hinder  external  gettering  techniques  [2,3] . 

This  study  focuses  on  the  precipitation  behavior  of  iron  in  float  zone  (FZ)  and  various  Cz  silicon 
materials.  Iron  diffuses  more  slowly  in  silicon  than  Cu  or  Ni  and  can  be  trapped  in  interstitial  sites 
by  quenching.  The  mobility  of  iron  at  room  temperature,  while  low,  is  still  large  enough  that, 
within  24  hours,  iron  has  diffused  to  acceptors  such  as  noron  to  form  Fe-acceptor  pairs.  These 
pairs  form  a  trap  level  at  Ev+O.leV  which  can  be  easily  measured  with  deep  level  transient 
spectroscopy  (DLTS).  Iron  precipitation  has  been  studied  by  several  researchers.  Gilles  et.  al.  [4] 
precipitated  iron  at  low  temperatures  and  showed  that  iron  precipitated  faster  in  material  with  higher 
oxygen  precipitate  density.  Shen  et.  al.  [5,6]  observed  in  Cz  and  FZ  silicon,  greater  electron  beam 
induced  current  (EBIC)  contrasts  of  dislocations  when  slowly  cooled  rather  than  quickly  cooled  in 
the  presence  of  iron.  He  concluded  that  the  limiting  factor  of  iron  precipitation  in  this  case  was  the 
slow  diffusion  of  iron  to  the  dislocations. 

This  study  continues  the  work  of  Gilles  and  Weber  [4]  by  using  precipitation  kinetics  to  analyze 
iron  precipitation.  Using  a  better  implementation  of  Ham’s  law,  precipitate  site  densities  are 
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directly  obtained  and  higher  precipitation  temperatures  are  included.  Larger  number  of  samples 
guarantee  greater  accuracy  of  the  results.  The  term  precipitation  is  used  to  describe  all  aggregation 
of  interstitial  iron  out  of  a  supersaturated  solution. 

Procedure 

Six  types  of  silicon  materials  were  used  in  this  study  as 
described  in  Table  1.  All  samples  were  boron  doped.  The 
FZ  doping  was  2x10'^  B/cm^  while  the  Cz  wafers  ranged 
from  4x10''*  to  1x10'^  B/cml  The  Cz  N  material  was  heat 
treated  to  dissolve  any  existing  oxygen  nuclei,  while  the 
other  samples  were  heat  treated  to  form  oxygen  precipitates 
in  the  concentrations  listed.  The  samples  were  cleaved 
from  the  center  regions  of  the  150mm  wafers  and 
intentionally  contaminated  with  iron  at  high  temperatures, 
followed  by  a  quench  in  ethylene  glycol  (cooling  rate  =  lOOOK/s).  The  samples  were  cleaned  and 
then,  to  allow  the  iron  to  precipitate,  annealed  at  various  temperamres  and  times  followed  by  a 
second  quench.  More  than  40|rm  of  silicon  were  etched  from  the  surface  of  the  samples  before  the 
remaining  dissolved  iron  concentrations  were  measured  by  DLTS.  The  concentrations  of 
remaining  iron  were  then  plotted  as  a  function  of  time  and  fitted  by  computer  simulations  based  on 
Ham’s  law  as  discussed  below. 

Ham’s  Law 

The  precipitation  rate  of  an  impurity  depends  on  the  number  of  precipitation  sites,  n,  and  the 
effective  precipitate  radii,  r„.  This  was  described  by  Ham  with  the  following  equation  for  spherical 
precipitates  for  fixed  radii  and  for  growing  radii  after  precipitation  of  over  50%  of  the  solute[7]: 

C-Ceq={Co-Ceq)e-^l^  (D 

where  is  the  equihbrium  concentration  at  the  annealing  temperature,  Co  is  the  initial  interstitial 
impurity  concentiation,  C  is  the  time  dependent  concentration  and, 

l/T  =  3Z)nr^  (2) 

Here  D  refers  to  the  temperature  dependent  diffusivity  and  1/t  is  the  precipitation  rate. 

The  nr^  product  can  thus  be  measured  by  how  quickly  the  supersaturated  impurity  concentration 
drops.  In  previous  publications  [4],  1/r  was  directly  derived  from  the  slope  of  a  logarithmic  plot 
of  the  experimental  data  points.  This  is  based  on  the  assumption  that  the  precipitate  radius  does  not 
change  during  the  precipitation  process.  In  fact,  the  solute  precipitation  rate  increases  as  the 
precipitate  grows,  and  does  not  fit  a  simple  exponential.  The  slow  precipitation  rate  during  the 
beginning  of  the  precipitation  is  primarily  a  result  of  the  small  precipitate  surface  area  on  to  which 
the  solute  could  be  absorbed.  Growth  of  the  precipitate  makes  more  surface  area  available, 
increasing  the  precipitation  rate.  Once  more  than  50%  of  the  impurities  have  precipitated,  the 
precipitate  radius  does  not  increase  significantly,  and  the  precipitation  rate  approximately  follows 
Eq.  (1). 

The  nucleation  site  density  can  be  calculated  from  the  conservation  of  mass,  i.e. 

AC  =  — (3) 
3 


Table  I 

Material 

[Oxy  precipitates] 

FZ 

none 

CzN 

none 

Cz8 

2x10*  cm'* 

Cz9 

2x10^  cm"* 

and  Ham’s  law  (Eq.  (2)),  by. 
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—  7C - 

4  (3Z)t) 


_  ^ 
3  AC 


1/2 


(4) 


where  AC  is  the  drop  of  interstitial  iron  concentration,  and  Q.  is  the  density  of  iron  in  the 
precipitate.  Implicit  in  Eq.  (4)  is  that  x  should  be  obtained  from  data  measured  after  more  than 
50%  of  the  solute  has  precipitated  and  the  precipitation  rate  is  approximately  exponential.  To  fit  the 
whole  precipitation  curve,  the  fixed  radius  approximations.  Equations  1  and  2,  can  be  used  in  an 
iterative  calculation  in  which  the  radius,  r„,  is  continually  adjusted  as  the  precipitate  grows.  In 
such  a  manner,  even  the  early  precipitation  can  be  modeled  and  values  for  n  can  be  obtained. 

Computer  Simulations 

To  obtain  a  more  accurate  precipitate  density,  an  iterative  finite  differences  computer  simulation 
was  used  to  fit  the  precipitation  data.  The  following  equations,  slightly  modified  from  Ham’s 
original  formulation,  were  used  in  the  simulation. 

AC(Ar)  =  [c,^(r)- c^{r)](l  - (  5  ) 
and 

AC  =  ^7t{^r^ -r^yo.  (6) 

where  C^^(T)  is  the  temperature  dependent  equilibrium  solubility;  C„(0  is  the  impurity 
concentrations  at  the  start  of  the  time  step.  At;  AC  is  the  change  in  dissolved  impurity  concentration 
during  the  time  step  Af;  Q.  is  the  volume  density  of  the  impurity  (iron)  in  the  precipitate  (iron 
silicide);  and  and  r,  are  the  precipitate  radii  at  the  beginning  and  end  of  the  time  step, 
respectively.  For  FeSi2  ,  the  density  of  iron  is  roughly  24  Fe/nml  Equation  (6)  is  used  to 
determine  the  incremental  change  in  precipitate  radius,  Ar=r,  -r^ ,  from  changes  in  concentration, 
AC.  It  was  assumed  that  all  the  metal  was  dissolved  in  the  beginning  of  the  simulation.  Small 
steps  in  time  were  simulated.  After  each  step  a  drop  in  solute  concentration,  AC,  was  calculated 
from  Ham’s  law,  and  the  precipitate  radius  was  increased  by  an  appropriate  amount.  This 
approach  should  yield  more  accurate  results  since  the  radius,  and  thus  nr„,  is  incrementally  revised 
as  precipitation  continues.  Numerous  simulations  were  run  and  the  precipitation  site  density  was 
varied  to  obtain  a  fit  to  the  experimental  data  points  as  shown  in  Fig.  1 . 


Figure  1:  Precipitation  rates  of  iron  in  Cz  with  no  oxygen  precipitates  at  650°C.  The  lines  are 
computer  simulations  for  different  iron  precipitate  site  densities. 
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Results  and  Discussion 

Precipitate  site  densities  were  determined  from  computer  simulations  as  shown  in  Figure  1.  A 
range  of  site  densities  was  chosen  rather  than  a  single  value  since  variances  were  observed  in  the 
samples  with  oxygen  precipitates.  For  the  temperature  range  of  235  to  840°C,  iron  nucleation  site 
densities  were  measured  for  the  FZ  and  the  Cz  8  materials  and  are  shown  in  Figure  2. 


Figure  2:  Iron  precipitation  site  densities  for  various  temperatures  in  FZ  and  Cz  8  material  with 
approximately  2x10*  cm'*  oxygen  precipitates. 

The  increase  in  precipitation  site  densities  at  lower  temperatures,  <500°C,  can  be  understood  in 
terms  of  nucleation  at  trapping  sites,  such  as  vacancy  clusters.  Since  dissolved  iron  is  detected  as 
FeB  pairs  by  DLTS,  iron  atoms  need  only  be  trapped  as  clusters  or  complexes  to  result  in  a 
reduction  of  dissolved  iron.  The  first  step  in  this  process  is  a  small  nucleus  such  as  an  iron 
complex.  The  density  of  iron  occupying  such  a  trap  or  complex  and  forming  a  nuclei,  can  simply 
be  described  as, 

M  ■  =N  (7) 

^^precip  -  ^ 

where  N  is  the  concentration  of  iron  precipitates,  and  is  proportional  to  the  dissolved  iron 
concentration  and  the  trap  density.  Plotting  as  a  function  of  1/kT,  an  effective  binding  energy 
of  the  trap  AE  was  estimated  to  be  0.49±0.14  eV.  After  this  complex/cluster  forms,  further 
precipitation  can  continue  as  the  iron  atoms  diffuse  to  these  sites.  If  the  concentration  of  trap  sites 
is  similar  or  greater  than  the  concentration  of  iron  sites,  then  the  precipitation  rate  is  essentially  the 
rate  at  which  iron  diffuses  to  a  trap.  Since  there  is  no  growth  in  radius  of  the  precipitate,  the 
resulting  precipitation  curve  is  a  simple  exponential  as  Ham’s  law  would  predict.  This  is  observed 
in  samples  with  high  nucleation  site  densities. 

At  higher  temperatures,  in  the  range  of  SOO^C  up  to  the  iron  drive-in  temperature,  a  temperature 
dependence  of  site  density  on  annealing  temperature  is  difficult  to  resolve  with  the  present  data. 
The  data  do  show  that  numerous  precipitation  sites  exist  even  at  high  temperatures,  indicating  that 
the  binding  energy  of  iron  to  this  trap  is  high  and  thus  they  should  not  be  easily  dissolved.  Lower 
estimates  for  this  barrier  put  AE  >leV. 

A  low  temperature  and  a  medium  temperature  annealing  at  240°C  at  650°C,  respectively,  were 
performed  on  aU  types  of  material  and  the  resulting  precipitate  site  densities  are  shown  in  Figure  3 . 
Obviously,  there  is  a  strong  correlation  between  precipitate  site  density  and  oxygen  precipitate 
concentration.  This  was  also  observed  by  Gilles  et.  al.  [4]  although  he  did  not  exphcitly  obtain 
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precipitate  site  densities.  The  Cz  silicon  with  no  oxygen  precipitates  showed  the  lowest  precipitate 
site  density.  In  each  type  of  material,  it  is  observed  that  the  nucleation  site  density  increases  as  the 
annealing  temperature  is  reduced  below  ~500°C.  Thus  in  each  case,  the  site  density  at  240°C  is 
greater  than  at  650°C.  Annealing  at  various  temperatures  above  500°C  yields  an  approximately 
constant  precipitate  site  density  (see  Figure  2). 


Figure  3:  Iron  nucleation  site  densities  at  240°C  and  650°C  for  various  materials  (FZ  was  aimealed 
at238°C&600°C). 

Among  the  different  materials,  the  lowest  precipitation  site  density  was  in  the  Cz  material  with  no 
oxygen  precipitates,  while  the  highest  site  density  occurred  in  the  Cz  material  with  2x10“  cm'^ 
oxygen  precipitates.  Such  high  densities  of  oxygen  precipitates  provide  large  surface  areas  and 
high  concentrations  of  associated  structural  defects,  punched  out  dislocations  or  stacking  faults.  In 
the  Cz  material  with  2x10"  cm'^  oxygen  precipitates  (smallest  precipitates),  each  precipitate 
generates  approximately  =15  sites  for  iron  precipitation  at  650°C.  In  the  Cz  material  with  2x10* 
cm‘*  oxygen  precipitates,  each  precipitate  provides  =400  sites  for  iron  precipitation.  The  number  of 
iron  precipitation  sites  per  oxygen  precipitate  seems  to  correlate  with  the  surface  area  of  the  oxygen 
precipitate  as  shown  in  Figure  4.  Whether  iron  is  precipitating  at  the  sihcon/oxide  interface  is 
uncertain.  Falster  et.  al.  [8]  proposed  that  nickel,  which  forms  a  silicon  rich  sihcide  of  NiSij, 
readily  nucleates  at  the  silicon/oxide  precipitate  interface,  generates  dislocations,  and  then  also 
precipitates  on  the  dislocations.  Cu  and  Pd,  which  form  metal  rich  silicides,  do  not  nucleate  at 
silicon/oxide  surfaces.  It  seems  Ukely  therefore  that  iron  also  nucleates  at  the  sihcon/oxide 
interfaces,  resulting  in  the  observed  correlation. 


10  10 
ft  Oxygen  Precipiate  Surface  Area,  a.u. 
{ [03/[0  precipitates] 


Figure  4:  Iron  precipitation  sites  per  oxygen  precipitate  vs  oxygen  precipitate  surface  area. 
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However,  if  there  are  no  oxygen  precipitates  present,  as  in  either  FZ  or  Cz  with  no  precipitates, 
there  are  still  iron  nucleation  sites  present.  It  is  uncertain  what  defects  or  impurities  are  present  at 
levels  of  5x10’  cm'^  (Cz  with  no  precipitates).  It  has  been  recently  shown  from  platinum  diffusion 
studies,  that  in  FZ  silicon  vacancies  can  exist  in  concentrations  of  up  to  lO*'*  cm^^  at  high 
temperatures  [9].  After  the  iron  contamination  at  high  temperatures,  a  quench  is  used  to  prevent 
interstitial  iron  from  precipitating.  This  quench  may  also  cause  these  vacancies  to  cluster,  forming 
vacancy  complexes  which  act  as  iron  nucleation  sites.  Recent  theoretical  studies  [10]  indicate  that 
vacancies  can  agglomerate  to  form  a  ring  of  six  vacancies  which  is  an  extremely  stable,  non- 
electrically  active  defect.  These  could  act  as  nucleation  or  trapping  sites  for  iron,  resulting  in  the 
high  site  densities  observed  in  FZ  silicon.  The  platinum  diffusion  studies  did  not  detect  such  high 
concentrations  of  vacancies  in  the  Cz  materials,  which  explains  the  lower  site  densities  detected  in 
this  study  in  the  Cz  material  with  no  oxygen  precipitates. 

Conclusions 

Iron  was  precipitated  in  various  silicon  materials.  A  numerical  method  based  on  Ham’s  law  was 
used  to  obtain  precipitation  site  densities  from  experimental  data.  A  decrease  in  iron  precipitate 
densities  was  observed  as  precipitation  anneal  temperatures  were  increased  to  approximately 
500°C,  from  which  a  binding  energy  of  0.4910.14  eV  was  obtained.  At  temperatures  greater  than 
500°C  the  iron  nucleation  site  density  remains  approximately  constant  even  at  high  temperatures, 
indicating  a  high  binding  energy  to  defects.  Iron  precipitate  site  densities  were  observed  to 
increase  with  oxygen  precipitate  densities  and  correlated  with  oxygen  precipitate  surface  energy. 
FZ  silicon  was  observed  to  contain  greater  iron  precipitate  densities  than  Cz  with  no  oxygen 
precipitates.  We  speculate  that  vacancy  agglomerations  are  the  dominant  trapping/nucleation  sites  in 
FZ. 
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ABSTRACT 

The  excitation  spectrum  of  the  neutral  orthorhombic  (CjJ  Fein  center  in  silicon  has  been 
studied  by  Zeeman  and  uniaxial  stress  Fourier  Transmission  Infrared  Spectroscopy.  The 
electronic  structure  of  the  ground  and  excited  state  is  shown  to  be  similar,  i.e.,  both  comprise 
two  nearby  Kramers  doublets  derived  from  a  “B,  term  split  by  spin-orbit  interaction  with  a  ‘‘Bj 
term.  The  crystal-field  and  spin-orbit  parameters  for  the  ground  state  are  close  to  those 
previously  determined  for  the  orthorhombic  Fein  center  by  electron  paramagnetic  resonance 
which  shows  that  the  same  center  is  studied  with  both  techniques.  The  electronic  parameters  for 
the  ground  and  excited  state  are  almost  identical  indicating  that  the  final  state  structure  is 
exclusively  determined  by  the  Fe  ion.  The  excitation  lines  do  not  split  under  uniaxial  stress 
which  shows  that  the  stress  induced  energy  shifts  for  the  initial  and  the  final  states  are  equal. 
The  Zeeman  and  stress  results  thus  strongly  indicate  that  the  excitation  lines  are  due  to  internal 
”d”  transitions  at  the  interstitial  Fe  ion. 


INTRODUCTION 

The  interstitial  impurity  iron  in  silicon  easily  forms  pair  complexes  with  the  group-in  acceptors. 
The  electronic  structure  of  their  ground  states  has  mainly  been  studied  by  Electron  Paramagnetic 
Resonance  (EPR)  and  is  reasonably  well  understood  for  all  pairs[l].  According  to  the 
commonly  accepted  model  for  the  neutral  complexes,  the  negatively  charged  group-III  acceptor 
resides  on  a  substitutional  site  whereas  the  positively  charged  Fe  impurity  occupies  a  nearby 
interstitial  position.  The  long-range  Coulomb  interaction  guides  the  mobile  Fej  ion  to  the  inert 
group-III  acceptor  and  complexing  occurs  even  at  room  temperature  due  to  the  Fej^  ions  high 
diffusivity  at  low  temperatures.  The  pairs  can  be  found  in  two  different  geometrical 
configurations  with  Fe  on  nearest  (trigonal  C3y)  or  next-nearest  neighbor  (orthorhombic  C2v) 
interstitial  position.  The  FeB  center  is  an  exception  from  this  rule  since  only  the  trigonal  center 
has  been  observed  so  far[l,  2, 3].  The  excitation  spectra  for  the  FeB  and  the  Fein  pairs  in  silicon 
have  recently  been  observed[4,  5].  The  excitation  spectra  for  the  neutral  orthorhombic  and 
trigonal  Fein  centers  consist  of  several  sharp  lines  and  are  denoted  the  O  and  T  spectrum, 
respectively.  In  Fig.  1,  typical  spectra  for  the  Fein  C2v  center  measured  at  T=1.7  K  and  at  13. 1 
K  are  presented.  For  each  temperature,  the  upper  and  lower  curve  shows  the  measured  and 
calculated  spectrum  (see  further  below),  respectively.  A  schematic  figure  showing  the  energy- 
level  structure  at  zero  magnetic  field  is  shown  in  Fig.  3  and  our  notation  for  the  various 
transitions  is  presented.  The  energy  positions  for  the  four  transitions  (at  B=0  T)  are  indicated  by 
a  set  of  four  vertical  bars  below  the  calculated  spectra.  The  calculated  relative  intensity  for  each 
transition  is  also  presented  and  visualized  by  the  height  of  the  bars  below  the  calculated  curves. 
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Fig.  1.  Transmission  spectra  (B=0)  of  iron-doped, 
originally  p-type  (In  2  ficm)  silicon  measured  at 
T=1.6  K  and  T=13.1  K.  The  experimentally 
obtained  excitation  spectra  (upper  curves)  are 
compared  with  the  calculated  ones  for  each 
temperature.  The  possible  four  transition  energies 
are  indicated  below  each  spectrum  as  well  as  the 
calculated  relative  intensity  for  each  transition. 


Finul state 


Fig.  2.  The  Zeeman  splitting  observed  for  the  excitation  spectrum 
of  the  orthorhombic  Fein  center  in  silicon  with  the  B-field  parallel 
to  <100>,  <1 10>,  and  <1 11>.  The  energy  positions  for  the  Zeeman 
lines  detected  at  T=1.6  and  13.1  K  are  indicated  by  full  markers 
and  those  detected  exclusively  at  T=13.1  K  are  presented  by  open 
markers.  The  lines  are  obtained  from  a  calculation  using  the  model 
described  in  the  text.  Solid  lines  indicate  transitions  from  the 
lowest  Zeeman  component  in  the  initial  state  and  dash  lines  show 
the  expected  splitting  behavior  for  transitions  from  the  excited 
states  in  the  manifold  of  initial  states. 


a)  and  b).  The  measured  and  calculated  Zeeman  excitation  spectra 
for  different  polarizations.  The  spectra  were  measured  at  B=6.554 
T  at  two  different  temperatures,  T=1.6  and  13.1  K.  For  each 
polarization,  the  upper  curve  is  the  measured  spectrum  and  the 
lower  curve  is  the  calculated  spectrum.  The  energy  positions  for 
all  possible  transitions  are  indicated  by  vertical  markers.  Below 
the  calculated  intensity  curves  the  relative  intensity  for  each 
possible  ti*ansition  is  indicated,  for  clarity. 


Fig.  3,  Schematic  picture  showing  the  energy  level  structure  for 
the  initial  and  final  states.  See  text  for  details. 
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At  higher  temperatures,  the  line  spectrum  for  the  orthorhombic  center  contains  two  lines  at 
6086.2  cm’^  and  at  6061.7  cm’^  and  are  denoted  Og  and  0^,  respectively.  At  lower 
temperatures,  only  the  Og  line  is  observed.  A  comparison  between  the  two  spectra  measured  at 
the  two  different  temperatures  thus  reveals  a  clear  thermalization  behavior  and  it  may  be 
concluded  that  the  Og  line  is  due  to  excitations  from  the  ground  state  whereas  the  Og  line  is  due 
to  transitions  from  an  excited  state  about  10.5  cm  above  the  ground  state  [2,  5].  Surprisingly, 
this  ground-state  splitting  is  not  reflected  as  the  observed  energy  difference  between  the  Og  and 
Og  of  about  24.5  cm’\  It  was  therefore  previously  suggested  that  the  excitations  take  place  from 
two  different  initial  states  to  two  final  states  (see  Fig.  3)  and  that  only  one  of  the  final  states 
could  be  reached  from  each  of  the  initial  states  [5].  Strong  selection  mles  must  therefore  prevail 
and  an  energy  splitting  between  the  two  final  states  was  estimated  to  be  about  14.0  cm  . 

We  will  in  this  paper  report  results  from  a  detailed  Zeeman  study  on  the  excitation  spectmm  of 
the  orthorhombic  Fein  center.  It  will  be  shown  that  the  ground-state  has  identical  properties  as 
those  obtained  from  previous  EPR  studies  on  the  orthorhombic  Fein  center[2]  which 
unambiguously  shows  that  the  same  defect  is  studied  in  this  work.  The  electronic  stmcture  of 
the  final  states  will  be  identified  and  discussed  in  detail  in  terms  of  total  spin  and  orbital 
symmetry.  It  will  be  shown  that  the  strong  optical  selection  mles  governing  the  excitation 
spectmm  are  due  to  the  fact  that  the  total  spin  S  and  its  projection  Mg  are  good  quantum 
numbers  for  both  the  initial  and  final  state.  A  detailed  general  model  will  be  proposed  that  gives 
a  perfect  agreement  between  the  experimental  Zeeman  splitting  pattern  as  well  as  the  Zeeman 
lines  polarization  properties. 


RESULTS  AND  DISCUSSION 

In  Fig.  2,  the  experimentally  observed  Zeeman  splitting  of  the  excitation  lines  for  the 
orthorhombic  Fein  is  presented.  The  full  and  dashed  lines  show  the  calculated  Zeeman  splitting 
according  to  our  model  that  will  be  discussed  below.  Data  obtained  from  measurements  at  two 
different  temperatures  are  shown  and  clear  thermalization  effects  are  thus  observed.  Transitions 
from  the  ground  state  are  denoted  Og  (I1-F2)  and  Og'  (Ii-F,)  and  those  from  the  first  excited 
state  are  denoted  Og  (I2-F1)  and  Og'  (I2-F2)  (see  Figs.  1  and  2).  The  full  lines  correspond  to 
excitations  from  the  lowest  Zeeman  state  in  the  ground-state  manifold  and  the  dashed  lines 
correspond  to  transitions  from  the  upper  Zeeman  component  in  the  ground  state  as  well  as  aU 
Zeeman  components  for  the  first  excited  initial  state  I2.  As  is  readily  seen,  a  good  agreement 
between  the  experimental  points  and  the  calculated  energies  was  obtained.  In  Figs.  2  a)  and  b), 
the  observed  polarization  properties  of  the  Zeeman  lines  are  presented  for  the  magnetic  field 
parallel  to  the  <100>  direction  (B=6.55  T)  and  at  two  different  sample  temperamres.  Below 
each  experimental  spectrum,  the  calculated  spectrum  is  presented  as  well  as  all  possible 
transition  energies  and  their  corresponding  relative  intensity.  As  is  readily  seen,  a  perfect 
agreement  between  the  calculated  spectra  and  the  measured  ones  was  obtained  which  gives 
additional  strong  support  for  our  model  that  will  be  discussed  below.  It  is  interesting  to  note 
that  out  of  many  possible  transitions  only  a  few  will  have  enough  intensity  to  be  experimentally 
observed. 
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We  will  here  first  discuss  the  established  model  for  the  initial  state  of  the  neutral  Fein  €2^ 
center.  The  electronic  structure  for  ground-state  is  mainly  derived  from  the  Fcj  ion  since  In  ,  in 
a  full  shell  configuration,  is  inert.  In  this  simplified  model,  the  presence  by  indium  therefore 
only  gives  rise  to  a  crystal  field  that  perturbs  the  energy  level  structure  of  the  Fcj  ion[l].  The 
starting  point  for  the  discussion  is  the  Fej  Tj  ground-state  term  derived  mainly  from  the  t2  e 
configuration.  The  two  e  electrons  combine  to  the  high-spin  A2  state  and  exchange^coupling 
with  the  ^T2  (t2^)  state  results  in  the  Hund’s  rule  ground  state  term  Tj  as  well  as  in  a  Tj  term. 
The  t2  one-particle  orbital  has  an  effective  angular  momentum  1’=!  and  all  matrix  elements  of 
the  true  angular  momentum  1  between  the  t2  states  is  proportional  to  those  for  the  effective  one. 
It  has  been  shown  previously  that  gL=-0.3  which  reflects  the  hybridization  between  the  Fe  d 
orbitals  and  the  Si  host  states  [2].  Similarly,  the  Tj  many-particle  orbital  has  an  effective  angular 
momentum  L’=l  and  the  same  constant  of  proportionality,  gL,  with  respect  to  the  true  angular 
momentum.  In  describing  the  electronic  structure  of  the  neutral  Fein  €2^  center  we  will  start 
with  tetrahedral  symmetry,  Tj,  and  discuss  the  various  perturbations,  i.e.,  low  symmetry 
crystal  fields  and  spin-orbit  (s-o)  interaction  according  to  their  strength.  The  axi^  field  lowers 
the  symmetry  to  D2d  and  the  Tj  term  splits  into  a  lower  E  and  an  uj^er  Aj  term.  The 
rhombic  part  of  the  crystal-field  is  considerably  smaller  but  splits  E  into  a  Bj  and  a  B2  term 
with  Bj  at  lowest  energy.  In  C2v  symmetry,  the  effective  s-o  operator  L^’S^  is  in  the  Bj  and 

B2  basis  off-diagonal  in  B  j  and  B2  but  diagonal  in  Ms.  The  s-o  interaction  thus  splits  each  F 
terms  into  two  doublets  with  Ms=±l/2  and  Ms=±3/2,  respectively.  Ms  is  thus  a  good  quantum 
number  as  long  as  the  interaction  with  the  Aj  term  can  be  neglected.  This  is  indeed  the  case  for 
the  ground  state  for  which  the  s-o  interaction  is  considerably  smaller  than  the  axial  field.  The  s- 
o  interaction  mixes  Bj  and  B2  but  for  the  two  lowest  doublets  the  Bj  character  dominates  b^  far 
over  the  B2  character.  The  states  in  the  ground-state  manifold  are  therefore  denoted  ±3/2(  B  j), 
±l/2(  Bj),  ±l/2(  B2),  and  ±3/2(  B2)  and  the  two  initial  states  that  takes  part  in  the  transitions 
are  ±3/2(  Bj)  and  ±l/2(  Bj)  and  are  denoted  Ij  and  I2  in  Fig.  3,  respectively. 

It  is  clear  from  both  our  previous  work[5]  and  the  results  in  Figs.  1  -  2  that  two  nearby  final 

states  (Fj  and  F2,  see  Fig.  3)  are  involved  in  the  optical  transitions  and  that  the  transitions  Ij-F] 

and  I2-F2  are  forbidden.  The  fact  that  Mg  is  a  good  quantum  number  in  the  initial  states  may 

facilitate  an  explanation  for  the  strong  selection  rules  observed.  It  therefore  seems  reasonable  to 

assume  that  Mg  in  the  final  states  is  a  good  quantum  number  and  that  the  two  final  states 

observed  originate  from  a  F  term  split  by  the  s-o  interaction.  Employing  the  same  arguments  as 

were  used  for  the  initial  state,  the  so-interaction  must  involve  another  term  F'.  It  is  easy  to 
4  4 

show  that  only  one  pair,  Bj  -  B2,  of  final  state  terms  fulfills  all  our  requirements.  Electric- 

dipole  transitions  from  Bj  to  B2  are  forbidden  and  the  good  quantum  number  Mg  ensures  that 
only  one  of  the  two  B  j  final  state  doublets  can  be  reached  from  eaeh  of  the  two  initial  states. 

The  manifold  of  final  states  thus  shows  close  similarity  with  the  electronic  structure  of  the  initial 

state.  It  is  therefore  reasonable  to  assume  that  the  Bi  -  Bo  final  state  terms  are  derived  from  a 
4  >  ^ 

E  term  in  ^2^  symmetry  split  by  the  orthorhombic  crystal  field.  In  analogy  with  the  initial  state 
structure  we  may  ask  what  term  in  T^  symmetry  gives  rise  to  a  E  term  in  D2d  symmetry? 
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4  4  4. 

The  only  possibility  is  that  the  E  term  is  derived  from  a  Tj  or  a  T2  term  in  Tj  symmetry.  The 
calculations  of  the  Zeeman  splitting  and  of  the  polarization  rules  were  carried  out  by  numerically 
solving  the  total  hamiltonian  for  different  magnetic,  fields.  The  various  hamiltonian  matrices 
were  constructed  by  employing  tensor  product  using  the  angular-momentum  matrices.  In  this 
way,  no  Clebsch-Gordan  coefficients  were  needed  which  simplified  the  construction  of  the  18 
by  18  matrices.  The  initial  state  is  derived  from  the  t2^e  configuration.  The  high-spin  ground 
state  term  is  obtained  when  the  two  e  electrons  form  a  A2  spin  triplet  and  exchange  coupled  to 
the  \  state  leading  to  a  ^Tj  and  a  Ti  term.  The  exchange  parameter  J  was  chosen  to  be  large 
enough  to  separate  the  T  j  and  a  T  j  term  and  its  exact  value  is  of  no  further  interest  in  this 
work.  5ax  and  5rh  are  the  strength  of  the  axial  and  orthorhombic  crystal  fields,  respectively.  The 
effective  spin-orbit  parameter  is  ‘r\=-gt^  where  ^  is  expected  to  be  close  to  the  free  iron  one- 
electron  spin-orbit  constant  of  345  cm  .  The  parameters  used  in  our  fitting  are  presented  in 
Table  I. 


TABLE  I.  The  parameters  used  in  the  calculations  and  the  calculated  g-values  (g„  gy,  and 
gj,  where  x,y  II  <110>  and  z  II  <001>,  and  using  a  spin-1/2  formalism,  see  Ref.  2)  for  the 
orthorhombic  Fein  center.  All  energies  are  in  cm"'. 


State 

J 

Sax 

Srh 

gL 

gx 

gy 

gz 

Initial 

1900 

311.7 

1831 

95 

-0.3 

±3/2('^Bi) 

0.31 

0.33 

6.26 

+l/2('^Bi) 

4.26 

3.64 

2.08 

Final 

1900 

375 

1831 

-96 

-0.3 

±3/2('‘Bi) 

0.16 

0.16 

5.70 

±1/2('*B,) 

3.77 

4.10 

1.88 

In  constructing  the  final  states  we  have  used  the  same  approach  as  for  the  initial  states  which 
considerably  simplified  our  calculations.  We  are  basically  studying  transitions  between  Zeeman 
levels  of  two  isolated  E  terms  in  D2(j  symmetry.  The  further  splitting  to  C2v  symmetry  and  the 
s-o  interaction  is  uniquely  described  by  only  two  parameters.  We  note  further  that  E  to  E 
electric-dipole  transitions  are  uniquely  defined  in  D2ci  symmetry.  The  direct  product 
E(8)E=Ai+A2+Bi-i-B2  and,  since  z  transforms  as  B2  and  (x,y)  as  E,  no  parameters  are  needed 
for  the  polarization-selection  rules.  The  electric-dipole  matrices  Dx,  Dy,  and  D^.  could  therefore 
be  constructed  by,  e.^.,  to  considering  t2  to  t2  one-particle  hole  transitions,  i.e.,  the  initial  hole 
configuration  is  t2e  (  A2)  and  the  final  hole  configuration  is  t2^e  (  A2).  The  full  hamiltonian 
containing  all  terms  has  been  numerically  solved  and  the  results  are  presented  in  Fig.  2  in  terms 
of  Zeeman  splitting  and  relative  intensity.  The  parameters  used  in  the  calculations  are  presented 
in  Table  I  and  the  fine  spectra  were  calculated  by  using  a  lorentzian  line  shape  function  with 
FWHM=9  cm"'.  The  axial-field,  b^x.  parameters  as  well  as  the  exchange  parameters,  J,  were 
chosen  to  be  equal  for  both  states  and  to  have  the  same  values  as  those  presented  in  Ref  2.  The 
critical  parameters  for  each  '‘e  term  are  4,  and  gL,  i.e.,  only  six  parameters  in  total  are 
needed  to  fully  describe  the  experimental  results  which  are  surprisingly  few  compared  with 
those  generally  needed  when  a  detailed  knowledge  of  the  states  involved  in  the  transitions  is 
lacking. 
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The  line  spectrum  for  the  orthorhombic  Fein  center  has  also  been  measured  for  uniaxial  stress 
in  the  <100>,  <110>,  and  <11 1>  directions.  Surprisingly,  no  splitting  of  the  excitation  lines 
were  observed  for  any  direction  of  stress  and  only  a  very  small  common  shift  of  the  lines  were 
observed.  This  implicates  that  the  stress  induced  energy  shifts  of  the  final  and  initial  states  are 
the  same  irrespective  of  the  direction  of  the  applied  stress.  This  is  at  a  first  glance  a  very 
surprising  results  when  considering  the  relatively  low  symmetry  of  the  center.  However,  the 
stress  response  of  the  "^Tj  state  of  the  isolated  interstitial  Fe  impurity  has  previously  been 
studied[6]  and  no  splitting  was  observed  for  the  J=3/2  and  J=5/2  Tj  levels.  This  indicates  that 
the  t2  Fej  one-particle  state  does  not  split  under  stress  and  that  the  observed  lack  of  stress 
splitting  for  the  Fein  center  is  due  to  the  fact  that  both  the  initial  and  final  states  are  exclusively 
derived  from  the  perturbed  Fej  ion.  It  therefore  seems  possible  to  rule  out  that  the  transitions 
takes  place  to  shallow  levels  and  to  suggest  that  the  Fein  lines  are  due  to  internal  "d"-  transitions 
at  the  Fe  ion. 


CONCLUSIONS 

The  Zeeman  results  for  the  Fein  C2v  center  in  silicon  have  been  fully  accounted  for  by 
considering  electric-dipole  transitions  between  two  B,  terms  spin-orbit  split  via  interaction 
with  a  nearby  "*£2  term.  The  initial  state  is  derived  from  the  FCj*  Tj  ground  state  term.  The 
lack  of  any  uniaxial-stress  induced  splitting  as  well  as  the  observation  that  both  the  initial  and 
final  states  are  well  described  by  an  almost  identical  set  of  electronic  parameters  strongly 
suggest  that  the  transitions  are  intra  "d"-level  transitions  at  the  interstitial  Fe  ion. 
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Abstract 

The  behavior  of  copper  in  the  presence  of  a  proximity  gettering  mechanism  and  a  standard  internal 
gettering  mechanism  in  silicon  was  studied.  He  implantation-induced  cavities  in  the  near  surface 
region  were  used  as  a  proximity  gettering  mechanism  and  oxygen  precipitates  in  the  bulk  of  the 
material  provided  internal  gettering  sites.  Moderate  levels  of  copper  contamination  were  introduced 
by  ion  implantation  such  that  the  copper  was  not  supersaturated  during  the  anneals,  thus  providing 
realistic  copper  contamination/gettering  conditions.  Copper  concentrations  at  cavities  and  internal 
gettering  sites  were  quantitatively  measured  after  the  annealings.  In  this  manner,  the  gettering 
effectiveness  of  cavities  was  measured  when  in  direct  competition  with  internal  gettering  sites.  The 
cavities  were  found  to  be  the  dominant  gettering  mechanism  with  only  a  small  amount  of  copper 
gettered  at  the  internal  gettering  sites.  These  results  reveal  the  benefits  of  a  segregation-type 
gettering  mechanism  for  typical  contamination  conditions. 

Introduction 

Copper  is  a  prevalent  contaminant  in  silicon  with  adverse  effects  on  device  performance.  In  spite  of 
this  fact,  Cu  is  of  particular  interest  for  use  as  interconnect  lines  in  semiconductor  devices  because 
of  its  low  resistivity,  however,  these  lines  may  act  as  a  source  for  Cu  contamination  into  the  device 
region.  Removal  or  gettering  of  Cu  contamination  out  of  the  device  region  is  highly  desired,  e.g. 
specifications  for  Cu  contamination  have  dropped  to  2.5x10®  atoms/cm^  [1].  A  standard  method  to 
remove  metal  impurities  from  the  near  surface/device  region  is  via  internal  gettering  (IG)  which 
utilizes  oxygen  precipitates  in  the  material  bulk  [2,  3],  The  limitation  of  IG  is  that  it  relies  on 
impurity  precipitation  at  the  gettering  site  as  well  as  impurity  diffusion  to  the  site.  This  creates  the 
contradictory  requirement  of  a  low  temperature  anneal  in  order  to  create  a  supersaturation  of  the 
impurity  in  the  silicon  matrix  leading  to  precipitation  at  the  IG  sites  and  a  high  temperature  anneal 
for  sufficient  diffusion  of  the  impurity.  Additionally,  contamination  is  often  introduced  into  the 
silicon  at  the  annealing  temperature  such  that  no  supersaturation  occurs.  To  obtain  effective 
gettering  under  any  annealing  condition,  “proximity”  gettering  methods  located  near  the  device 
region  have  been  the  focus  of  recent  research  with  a  particular  interest  in  mechanisms  which  do  not 
require  an  impurity  supersaturation.  One  means  to  achieve  proximity  gettering  is  to  use 
implantation  species  to  getter  the  metal  impurities  in  a  region  slightly  deeper  than  the  device  region. 
Implantations  with  C,  O,  BF2,  N,  Ge,  Ne,  Ar  and  B  have  been  attempted,  however,  the  gettering 
mechanisms  either  require  impurity  precipitation  or  are  unstable  at  elevated  temperatures  [4-8].  A 
promising  method  uses  cavities  formed  by  He  implantation  which  getter  metal  impurities  on  the 
unsaturated  bonds  of  the  cavity  walls  by  chemisorption  as  well  as  metal-silicide  precipitation  when 
the  surrounding  silicon  matrix  becomes  supersaturated  with  the  metal  impurity  [6,  9-12].  The 
chemisorption  mechanism  is  active  without  an  impurity  supersaturation  and  is  stable  at  high 
temperatures  with  a  reported  binding  energy  of  Cu  to  the  cavity  relative  to  Cu  in  solution  of  =  2.2eV 
[12],  above  the  value  for  Cu-silicide  precipitation,  =1.5eV  [13].  From  these  binding  energies,  one 
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would  expect  less  Cu  remaining  in  the  silicon  matrix  when  cavities  are  present  than  with  IG  sites 
after  an  anneal.  Furthermore,  considering  the  cavities  form  a  near  continuous  plane  of  sinks  near 
the  front  surface  while  IG  sites  are  more  dispersed,  an  even  lower  impurity  concentration  would  be 
expected  in  the  device  region  when  cavities  are  present  as  opposed  to  with  only  IG  sites. 

In  the  work  presented  here,  our  goal  was  to  determine  if  the  cavities  significantly  enhance  gettering 
of  Cu  more  than  IG  sites  would  getter  by  themselves.  We  have  monitored  Cu  behavior  in  the 
presence  of  IG  sites  and  He  implantation-induced  cavities  with  the  use  of  secondary  ion  mass 
spectroscopy  and  transient  ion  drift.  Moderate  levels  of  Cu  contamination  were  used  such  that  the 
Cu  was  not  supersaturated  during  annealing  which  provided  realistic  Cu  contamination/gettering 
behavior.  Quantitative  measurements  of  Cu  concentrations  at  both  gettering  sites  were  obtained 
after  gettering  anneals.  Our  results  clearly  demonstrate  the  advantages  of  gettering  to  cavities  over 
IG  sites. 

Experimental  Procedure 

Boron  doped  <100>,  500pm  thick  CZ  silicon  with  a  resistivity  of  10  Q-cm  and  an  initial 
oxygen  concentration  of  9xl0”/cm^  was  used.  All  samples  were  subjected  to  a  1 100°C,  5  hr  anneal 
to  create  an  =10pm  denuded  zone  (DZ).  Samples  were  prepared  with  and  without  internal  gettering 
(IG)  sites  prior  to  forming  the  cavity  gettering  layers.  IG  sites  were  formed  by  a  700°C,  48  hours 
oxygen  precipitate  nucleation  anneal,  followed  by  a  thermal  ramp  from  700  -  950°C  in  50°C 
increments  for  30  minutes  each  and  finally  with  a  950°C,  8  hours  precipitate  growth  anneal.  All 
anneals  were  performed  in  a  nitrogen  atmosphere.  The  ramp  step  allows  for  oxygen  precipitates  to 
have  a  higher  survival  probability  during  the  high  temperature  growth  anneal  and  therefore  provide 
a  high  concentration  of  internal  gettering  sites  [14].  Laser  Scattering  Tomography  (LST) 
measurements  of  defect  densities  revealed  10'°  defects/cm^  and  7x10^  defects/cm^  for  samples  with 
and  without  the  IG  formation  anneals,  respectively.  This  provides  a  significant  difference  in  IG  site 
density  between  the  two  sample  types.  The  interstitial  oxygen  (Oi)  concentration  was  monitored 
with  Fourier  Transform  Infrared  Spectroscopy  (FTIR)  using  the  new  ASTM  standard  in  the  as- 
grown  state,  following  the  DZ  formation  and  after  the  IG  formation  anneals.  No  change  in  Oi  was 
observed  after  the  DZ  formation  but  lO’’  Oj  atoms/cm^  was  precipitated  during  the  IG  formation 
anneal.  Based  on  conservation  of  mass  and  the  precipitate  density  measured  with  LST,  a  10*’  drop 
in  Oi  creates  precipitates  with  radii  of  =35nm.  To  form  the  cavity  gettering  sites.  He  atoms  were 
implanted  at  300keV  (=1.35pm  deep)  with  a  dose  of  IxlO”  atoms/cm^.  IxlO*'*  Cu  atoms/cm^  were 
introduced  ^O.lpm  deep  on  both  the  front  and  back  sides  by  a  ISOkeV  implantation.  The  Cu  was 
gettered  by  annealing  the  samples  at  either  700  or  800°C  for  6  or  2  hours  respectively  in  a  vacuum 
furnace  (2x10"’  torr)  with  a  slow  cool  to  room  temperature.  Past  work  [9]  has  shown  the  cavities 
form  within  30  minutes  at  700°C,  therefore  ensuring  the  cavities  are  present  and  are  aetive  gettering 
sites  for  the  majority  of  the  gettering  anneals.  Secondary  Ion  Mass  Spectroscopy  (SIMS)  was 
utilized  to  measure  the  Cu  gettered  by  the  cavities  and,  with  the  aid  of  statistical  analysis,  to  roughly 
estimate  the  Cu  gettered  at  the  IG  sites.  High  purity  Float-Zone  (FZ)  silicon  was  used  as  a  reference 
for  both  of  these  SIMS  measurements.  Additionally,  the  amount  of  Cu  at  the  IG  sites  was  measured 
with  the  use  of  a  rapid  thermal  anneal  with  a  rapid  quench  (RTAQ)  at  1000°C  for  45  seconds  and 
measurements  with  the  transient  ion  drift  (TID)  technique  [15,16].  The  quench  rate  is  approximated 
as  of  1000°C/sec.  The  RTAQ  anneal  is  designed  to  dissolve  the  Cu  from  its  original  precipitation 
site  which  allows  for  TID  to  detect  the  interstitial  Cu  (Cui).  TID  exploits  the  capacitance  ehange 
induced  by  the  positively  eharged  Cuj  drift  in  the  depletion  region  of  a  Sehottky  barrier.  The 
detection  limit  of  TID  is  on  the  order  of  10*^  Cuj  atoms/cm^  for  these  experiments.  High  purity  FZ 
samples  were  subjected  to  the  same  1000°C-45  sec  anneal  to  act  as  reference  samples.  A1 
evaporation  was  used  to  form  diodes  on  all  samples.  Samples  were  cleaned  prior  to  the  RTAQ  and 
diode  formation  with  VLSI  grade  piranha  (5:H2S04:IH202),  HF  and  high  resistivity  H2O. 
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Results  and  Discussion 

Figure  1  shows  SMS  plot  of  the  Cu  distribution  in  the  near  surface  region  of  a  sample  with  IG  sites. 
The  sample  has  been  subjected  to  a  800°C  gettering  anneal  after  He  implantation  to  form  cavities  at 
=1.35pm  and  a  Cu  implantation  at  =0.1pm  in  order  to  intentionally  contaminate  the  materials. 

Clearly  substantial  gettering  of  the  Cu  has 


g  1x10^ 


dose  in  cavities 
4.2xl0^^/cm^ 
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Figure  1:  SIMS  plots  of  front  surface  Cu  distribution 
after  a  800°C  gettering  anneal  with  IG  sites  and  cavities. 
The  cavity  layer  is  at  1.35pm  and  the  initial  Cu  implant 
was  at  0.1pm. 


occurred  to  the  cavities.  The  SMS  results 
for  cavity  gettering  at  700  and  800°C  are 
summarized  in  the  first  column  of  Table  1. 
For  both  temperatures,  the  amount  of  Cu 
gettered  to  the  cavities  is  hardly  influenced  by 
the  presence  or  absence  of  the  IG  sites.  It 
should  further  be  noted  that  the  measured 
amount  is  far  below  the  level  corresponding 
to  saturation  of  the  cavity  wall  sites,  which 
for  our  experimental  conditions  is  above  lO’^ 
atoms/cm^  [12].  Also  included  in  the  table 
are  the  amounts  of  Cu  remaining  in  the  front 
and  back  near-surface  layers  where  the  Cu 
atoms  were  initially  implanted.  SMS 


analysis  was  also  performed  deep  in  the  bulk  of  the  sample  to  determine  the  amount  of  Cu  present  at 
the  IG  sites.  Although  the  dissolved  Cu  concentration  was  expected  to  be  below  the  sensitivity  of 


Sample 


with  IG,  700°C 
with  IG,  800°C 


Cu  in  cavities 
(lO'^  cm'^) 

Cu  in  front 

(10'^  cm'^) 

Cu  in  back 

(10*^  cm'^) 

Cu  in  bulk 

(lo'^  cm'^) 

39 

3.4 

1.4 

2-10  (SMS) 
12.5  (TID) 

42 

0.3 

1.8 

- 

42 

3.9 

9.6 

<  DL  (SMS) 
<DL(TID) 

42 

0.2 

6.9 

- 

Table  1:  Cu  doses  in  the  cavities,  frontside,  backside  and  bulk  after  700  and  800°C  anneals.  DL  =  detection 
limit  and  -  means  sample  was  not  measured. 


SMS,  it  was  hoped  that  extended  SMS  profiling  would  reveal  any  Cu  at  IG  sites  via  spikes  in  the 
Cu  counts  at  depth  intervals  where  IG  sites  are  present.  Figures  2a  and  2b  show  deep  SMS  profiles 
of  samples  after  a  700‘’C  gettering  anneal  with  and  without  IG  sites,  respectively.  The  cavities  and  a 


Depth  (pm)  Depth  (pm) 

Figures  2a&b:  SIMS  plots  of  Cu  deep  in  the  samples  following  a  700°C  gettering  anneal  a)  with  and  b) 
without  IG  sites.  The  cavities  and  a  =150-200pm  thickness  has  been  removed  prior  to  measurement. 
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~  150-200nm  thickness  of  the  underlying  silicon  wafer  have  been  removed  prior  to  the  SIMS 
measurements  via  polishing  and  etching.  Both  profiles  exhibit  noise  typical  of  SIMS  data  when  the 
concentration  of  the  detected  isotope  is  near  or  below  SIMS  sensitivity.  However,  in  the  case  of  the 
specimen  with  more  IG  sites,  there  are  additionally  a  number  of  spikes  with  large  amplitudes, 
suggesting  the  presence  of  isolated  agglomerations  of  Cu  atoms  within  the  matrix.  This  raises  the 
possibility  that  a  small  fraction  of  the  implanted  Cu  is  gettered  to  bulk  IG  sites.  A  high  purity  float- 
zone  (FZ)  sample  with  no  intentional  Cu  contamination  was  also  subjected  to  deep  SIMS  analysis 
for  comparison.  The  SIMS  profile  (not  shown  here)  is  similar  to  Figure  2b,  the  sample  without  IG 
sites. 

To  quantify  the  apparent  spikes,  we  evaluated  the  statistical  distributions  of  the  SIMS  yields  in 
Figures  2a  and  2b  as  well  as  the  FZ  SIMS  data  (not  shown).  These  results  were  compared  with  the 
Poisson  distribution  expected  for  random  noise  with  the  same  average  number  of  counts  per  depth 
interval  where  counts  are  proportional  to  Cu  concentration.  Our  findings  are  shown  in  Figures  3a 
and  3b,  where  the  number  of  depth  intervals  yielding  a  particular  number  of  SIMS  counts  is  plotted 
versus  the  number  of  SIMS  counts  in  the  interval,  denoted  as  N.  The  data  from  the  specimen  with 
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Counts  per  depth  interval  (N)  Counts  per  depth  interval  (N) 

Figure  3a&b:  Statistical  analysis  of  data  presented  in  Figure  2  and  FZ  SIMS  data.  The  Poisson  distribution 
approximates  noise.  Counts  are  proportional  to  Cu  concentration.  The  CZ  without  IG  sites  and  FZ 
reference  data  follows  the  Poisson  distribution  of  noise. 

few  IG  sites.  Figure  3b,  conforms  well  to  the  calculated  Poisson  distribution  and  the  reference  FZ 
silicon  sample.  In  contrast,  results  for  the  sample  with  IG  sites.  Figure  3a,  show  a  pronounced  tail 
extending  to  large  values  of  N.  Moreover,  when  the  number  of  spikes  having  amplitudes  greater 
than  random  noise  is  divided  by  the  sputtered  volume,  the  resulting  volume  density  is  =2x10®  cm'^, 
or  less  than  an  order  of  magnitude  smaller  than  the  measured  density  of  IG  sites.  In  our  view,  this 
constitutes  evidence  for  gettering  of  a  small  fraction  of  the  implanted  Cu  by  the  IG  sites.  The 
amount  of  Cu  in  the  spikes  (at  these  IG  sites)  is  =2-10xl0'^  atoms/cm^  considering  the  area  and 
depth  probed  with  SIMS  and  the  thickness  of  the  silicon  wafer,  500p.m. 

The  700°C  gettered  samples  were  polished  and  etched  to  remove  the  sputter  pit  formed  by  the  deep 
SMS  analysis.  Following  extensive  surface  cleaning,  the  gettered  samples  were  annealed  at 
1000°C  for  45  seconds  followed  by  a  rapid  quench  to  dissolve  the  Cu  back  into  solution.  High 
purity  FZ  samples  were  also  annealed  just  prior  and  just  after  the  gettered  samples  were  annealed  in 
order  to  check  for  contamination.  This  anneal  has  been  used  previously  to  dissolve  precipitated  Cu 
completely  back  into  solution  [16]  and  models  of  dissolution  kinetics  [17,  18]  predict  even  a  4.4pm 
CuaSi  precipitate  would  dissolve  during  this  1000°C-45  sec  anneal.  A  precipitate  of  greater  than 
this  size  is  not  expected  to  be  present  in  the  material.  Therefore,  we  anticipate  all  Cu  is  dissolved 
back  into  solution  after  this  anneal.  Following  surface  cleaning  and  A1  diode  formation  Transient 
Ion  Drift  (TID)  measurements  were  performed  on  a  number  of  diodes  on  the  FZ  reference  samples 
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and  on  the  gettered  samples.  The  results 
are  shown  in  Figure  4.  We  see  the 
sample  with  IG  sites  contains  a 
significantly  higher  amount  of  Cu  than 
the  reference  samples  and  the  sample 
with  no  IG  sites.  This  is  consist  with  the 
deep  SMS  profiling  results.  The 
measured  concentration  of  2.5xl0’'*  Cu 
atoms/cm^  is  converted  into  a  Cu  dose  of 
12.5x10*^  Cu  atoms/cm^,  by  simply 
considering  the  silicon  samples  are 
SOOpm  thick.  This  dose  compares  well 
with  the  dose  of  2-lOxlO'^  atoms/cm^ 
measured  with  SMS. 


Summing  the  data  in  Table  1,  we  see  a 
significant  amount  of  the  original  Cu 
dose  (2x10'''  atoms/cm^)  has  been  lost 


Samples 

Figure  4:  Bulk  concentrations  of  Cu  as  measured  with  TID 
after  an  RTAQ  at  1000°C  for  45  sec.  Reference  samples 
determine  the  amount  of  contamination  during  the  RTAQ. 

during  the  annealing  treatments.  This  is  likely  due  to  Cu  evaporation  from  the  silicon  at  elevated 
temperatures.  Comparable  rates  of  Cu  evaporation  have  been  previously  observed  under  similar 
experimental  conditions  [12].  Additionally,  previous  work  on  Cu  solubility  in  silicon  have  used 
vapor  transport  at  temperatures  as  low  as  650°C  and  anneal  times  comparable  to  those  used  in  this 
study  to  intentionally  contaminate  silicon  with  Cu  [19].  Based  on  these  past  works,  the  loss  of  Cu 
observed  in  this  work  is  not  a  surprising  phenomenon. 


The  information  presented  above  is  summarized  in  Table  1.  We  see  the  cavities  getter  the  majority 
of  the  Cu  regardless  of  the  IG  site  density.  The  chemisorption  process  dominates  the  gettering 
action.  It  should  be  noted  that  the  -/dT  product  (where  D  is  the  Cu  diffusivity  and  t  is  the  anneal 
time)  is  7700|im  and  5700|im  for  the  700°C-6hr  and  800°C-2hr  anneal,  respectively,  which 
indicates  both  anneals  provide  time  for  significant  Cu  diffusion.  Considering  the  implanted  Cu  will 
rapidly  disperse  throughout  the  500|J,m  thick  silicon  samples  during  the  gettering  treatments,  a 
uniform  distribution  of  4xl0'^  Cu  atoms/cm^  is  expected  to  form  throughout  the  thickness  of  the 
material.  Also,  considering  the  solubility  of  Cu  in  the  silicon  matrix  with  respect  to  a  CusSi  phase 
is  lO'®  and  7xl0'^  Cu  atoms/cm^  for  the  700  and  800°C  anneals  respectively,  the  Cu  is  not 
supersaturated  and  no  Cu  would  be  expected  to  getter  to  the  IG  sites  at  the  annealing  temperature. 
This  is  a  realistie  scenario  for  Cu  contamination  since  typically  only  small  amounts  of  Cu  are 
introduced  into  silicon  during  integrated  circuit  processing  such  that  during  an  annealing  the  Cu  is 
not  supersaturated.  However,  the  slow  cool  after  the  anneals  allows  for  gettering  of  the  Cu  at  the  IG 
sites  as  it  precipitates  into  CusSi.  Conversely,  the  cavities  chemisorb  Cu  atoms  during  the  anneal 
and  during  cooling  as  well  act  as  a  precipitation  site  for  the  Cu  into  the  CusSi  phase  just  as  the  IG 
sites.  Therefore,  in  these  realistic  contamination  conditions,  the  cavities  are  the  dominant  gettering 
mechanism.  Additionally,  considering  the  close  proximity  of  the  cavities  to  the  near  surface  region 
as  compared  to  the  IG  sites  and  the  fact  that  the  cavities  form  a  near  continuous  sheet  of  gettering 
sites  while  IG  sites  are  more  widely  dispersed,  one  would  expect  the  cavities  to  getter  the  device 
region  much  more  effectively  with  short  annealing  sequences  than  the  IG  sites.  Clearly  cavity 
formation  is  a  worthwhile  endeavor  to  ensure  efficient  gettering  of  Cu  from  the  device  region  of 
silicon  integrated  circuits. 
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Conclusions  i 

Gettering  of  Cu  to  He  implantation-induced  cavities  and  internal  gettering  sites  was  quantitatively 
analyzed  for  realistic  Cu  contamination  scenarios.  Novel  SMS  profiling  and  data  analysis  and  TID 
measurements  allowed  for  the  quantification  of  Cu  at  IG  sites.  The  cavities  effectively  getter  Cu  in 
silicon  even  in  the  presence  of  internal  gettering  sites  and  the  gettering  action  is  dominated  by  Ae 
cavities.  These  results  reveal  the  chemisorption  mechanism  of  cavity  gettering  is  a  highly  effective 
means  for  proximity  gettering  of  metal  impurities. 
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Abstract. 

The  dissociation  of  CuCu-related  centers  in  p-type  silicon  is  studied  as  a  function  of  temperature 
just  after  copper  contamination  with  subsequent  quench  when  a  significant  concentration  of  copper 
remains  at  interstitial  site,  and  after  a  long  storage  time.  The  binding  energy  of  Cu-pair  related 
centers  is  determined  to  be  1.0210.07  eV.  Some  conclusions  on  the  mechanism  of  copper 
precipitation  are  made.  It  is  suggested  that  the  potential  barrier  for  copper  precipitation  of  0.55  eV 
is  due  to  the  coulombic  repulsion  between  the  interstitial  copper  atoms  and  the  positively  charged 
copper  precipitates. 

Introduction. 

It  is  well  known  that  copper  in  silicon  precipitates  almost  completely  during  cooling  from  high 
temperatures.  However,  a  small  fraction  of  copper  can  remain  in  an  electrically  or  optically  active 
state.  A  variety  of  copper-related  deep  energy  levels  were  reported  in  literature.  Since  no 
correlation  of  these  defects  to  defined  defect  structure  was  established  and  since  their 
concentrations  were  very  small  (usually  below  0. 1%  of  the  copper  concentration),  it  could  not  be 
excluded  that  several  of  these  defects  were  due  to  other  impurities,  introduced  into  the  sample 
during  the  heat  treatment.  According  to  Graff  [1],  only  four  centers  showed  reproducible  results, 
though  even  their  nature  was  not  certain.  One  of  these  centers  introduced  a  deep  level  at  Ey+0. 1 
eV.  Recently,  Erzgraber  and  Schmalz  [2]  established  a  quantitative  correlation  between  the 
amplitude  of  the  DLTS  peak,  corresponding  to  this  center,  and  the  amplitude  of  a 
photoluminescence  line  at  1.015  eV,  previously  identified  [3]  as  a  copper-related  center  from 
observed  isotope  shift.  Since  the  photoluminescence  emission  intensity  depended  quadratically  on 
copper  concentration,  J.  Weber  et  al  [3]  suggested  copper  pairs  as  a  model  for  this  defect.  The 
capture  kinetics  of  this  center  was  discussed  in  Ref  4. 

In  this  paper,  the  kinetics  of  dissociation  of  Cu-pair  related  centers  were  studied  at  different 
temperatures.  The  time  dependence  of  the  concentration  of  CuCu-related  centers  in  the  presence  of 
high  concentrations  of  interstitial  copper  was  monitored.  The  goal  of  this  experiment  was  to 
understand  if  the  Cu-pair  related  centers  can  be  formed  at  room  temperature.  For  this  purpose  we 
used  the  experimental  procedure,  recently  applied  for  the  evaluation  of  the  recombination  activity 
and  electron  capture  cross-section  of  interstitial  copper  [5].  The  procedure  is  based  on  the  fact  that 
high  concentrations  of  interstitial  copper  (up  to  the  doping  level)  [6]  can  be  kept  in  p-type  silicon 
for  several  hours  at  room  temperature  after  a  fast  quench.  This  experimental  procedure  can  be  used 
to  measure  the  electrical  activity  of  interstitial  copper  and  its  interaction  with  other  types  of  defects. 
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Experimental  procedure. 

In  our  experiments,  copper  was  diffused  in  float  zone  boron-doped  p-Si  samples  at  600  C  for  30 
minutes.  This  relatively  low  diffusion  temperature  made  cross-contamination  by  other  transition 
metals  very  unlikely  and  ensured  that  the  concentration  of  copper  was  below  the  doping  level 
(2-10’^  cm'^).  Almost  all  copper,  dissolved  at  the  diffusion  temperature,  was  kept  in  interstitial  state 
by  the  rapid  quench  in  ethylene  glycol.  To  prevent  copper  precipitation  after  the  quench,  the 
samples  were  kept  in  liquid  nitrogen  until  the  beginning  of  measurements  except  for  the  time 
required  for  the  chemical  etching  of  the  sample  and  evaporation  of  Schottky  diodes. 

The  dependence  of  the  concentration  of  Cu-pair  related  centers  as  a  function  of  anneal  time  was 
studied  as  follows;  The  sample  was  kept  in  the  DLTS  holder  at  a  stabilized  annealing  temperature 
for  a  certain  amount  of  time  (from  several  minutes  to  several  hours),  after  which  it  was  cooled 
down  to  35  K  with  an  average  cooling  rate  of  30  K/min.  A  DLTS  spectrum  of  the  CuCu  peak  and 
capacitance-voltage  characteristic  at  T=70  K  were  measured.  Finally,  the  sample  was  heated  up  to 
the  annealing  temperature  with  a  heating  rate  of  10  K/min  and  the  whole  procedure  was  repeated 
several  times. 

Furthermore,  since  copper  is  believed  to  be  a  single  donor,  the  apparent  decrease  of  the  effective 
concentration  of  shallow  acceptors  could  be  determined  by  the  capacitance-voltage  measurements, 
by  the  Hall  effect  or  by  TID  [19],  giving  the  density  of  interstitial  copper  donors.  In  this  study, 
capacitanee-voltage  characteristics  were  used  to  determine  the  concentration  of  copper  donors. 


Precipitation  of  the  interstitial  copper. 

The  decays  of  copper  concentration  were  fitted  by  exponentials.  The  measurements  were  done  in 
the  temperature  range  between  270  and  333  K.  The  dependence  of  the  decay  time  constant,  plotted 
as  a  function  of  temperature  in  the  Arrhenius  coordinates,  gave  the  activation  energy  of  copper 


Fig.  1  Arrhenius  plot  for  the  agglomeration  of  the 


precipitation  of  0.55±0.05  eV.  This  value 
was  derived  from  the  linear  regression 
ln{T)=-12.12+0.55/kT.  (Fig.l). 

The  meaning  of  the  activation  energy  of 
0.55  eV  is  the  potential  barrier  which 
interstitial  copper  has  to  overcome  to 
precipitate.  A  certain  activation  energy  for 
precipitation  should  necessarily  exist  since 
precipitation  includes  diffusion  of  metal 
atoms  towards  sinks.  For  example,  the 
activation  energy  of  iron  precipitation  was 
found  to  be  0.70±0.03  eV  [7],  which  was  in 
a  good  agreement  with  the  migration 
enthalpy  for  the  diffusion  of  interstitial  Fe 
(0.68  eV).  On  the  contrary  to  iron,  the 
precipitation  energy  of  copper  (0.55±0.05 
eV)  is  higher  than  its  diffusion  enthalpy 
(0.43  eV  as  determined  at  high 
temperatures,  and  0.39  eV  after  the 
correction  on  copper-boron  pairing  [8]). 


interstitial  copper. 

This  implies  that  the  precipitation  of  copper  is  limited  by  the  overcoming  of  a  potential  barrier  for 
the  precipitation  rather  than  by  a  diffusion  process.  This  barrier  may  be  the  energy  required  for  the 
rebonding  process,  necessary  for  the  introduction  of  one  more  copper  atom  into  copper  silicide. 
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However,  since  the  value  of  0.55  eV  is  very  close  to  the  repulsive  Coulomb  energy  of  two  unit 
charges  at  a  range  of  about  a  lattice  constant  (compare  to  the  binding  energy  of  a  donor-acceptor 
pair,  see  below),  it  is  also  possible  that  the  barrier  is  caused  by  the  repulsion  between  positively 
charged  nuclei  or  precipitates  and  interstitial  copper  atoms. 

This  conclusion  is  confirmed  by  the  studies  of  electrical  properties  of  copper-silicide  precipitates 
[9].  DLTS  measurements  made  on  n-type  silicon  after  the  quench,  revealed  an  unusually  wide 
DLTS  peak.  Variations  of  the  DLTS  rate  window  and  the  filling  pulse  length  showed  that  this  was  a 
single  peak  due  to  one  extended  defect,  forming  a  band-like  state  in  the  upper  half  of  the  bandgap. 
Numerical  simulations,  based  on  the  model  of  band-like  states  in  the  bandgap,  revealed  that  the 
defect  should  be  neutral,  when  it  is  almost  completely  (up  to  80-90%)  filled  by  electrons.  The 
position  of  the  defect  band  depended  on  the  cooling  rate.  For  the  fast  cooling  rates,  comparable 
with  the  ones  used  in  this  work,  the  band  was  estimated  to  be  approximately  between  E^-0. 15  eV 
and  Ec-0.40  eV.  In  p-type  silicon,  where  the  Fermi  level  lies  close  to  the  valence  band,  the 
precipitate-related  band  will  be  not  occupied.  The  corresponding  positive  charge  of  precipitates 
might  represent  the  potential  barrier  for  copper  precipitation. 

In  this  model  the  potential  barrier  for  the  precipitation,  existing  in  p-type  silicon,  should  disappear 
in  strongly  doped  n-Si,  where  the  defect  band  will  be  below  the  Fermi  level.  This  explains,  why  in 
p-type  silicon  significant  concentrations  of  copper  remain  interstitially  dissolved  (at  least  for 
several  hours),  and  why  it  is  impossible  in  n-type.  Moreover,  this  explains  why  the  maximum 
concentration  of  interstitially  quenched  copper  is  close  to  the  boron  concentration  [6].  Since  copper 
is  a  donor,  a  boron-doped  sample  retains  p-type  conductivity  as  long  as  the  concentration  of 
interstitial  copper  remains  below  the  boron  doping  level.  As  soon  as  copper  concentration  exceeds 
that  of  the  boron,  the  sample  becomes  n-type,  which  causes  a  change  of  the  charge  state  of  the 
precipitates,  eliminating  the  precipitation  barrier  and  greatly  accelerates  the  precipitation.  It  is  easy 
to  calculate,  that  if  the  activation  energy  of  the  precipitation  process  decreases  from  0.55  eV  to  the 
diffusion-limited  value  0.39  eV,  the  precipitation  rate  at  room  temperature  would  increase  in 
exp((0.55-0.39)/kT)«570  times.  The  “lifetime”  of  interstitial  copper,  quenched  at  interstitial  sites  in 
n-Si,  would  be  about  20  seconds  compared  to  four  hours  in  p-Si.  The  influence  of  the  charge  state 
of  copper  precipitates  on  the  precipitation  kinetics  confirms  the  hypothesis  recently  suggested  in 
Ref  6  that  the  position  of  the  Fermi  level  during  cooling  down  may  have  an  effect  on  the 
precipitation  process. 

Studies  of  the  Cu-pair  related  centers  immediately  after  the  quench. 

The  amplitude  of  the  Cu-pair  related  DLTS  peak  2AC/C,  measured  immediately  after  the  quench, 
decreased  by  a  factor  of  two  during  the  first  hours.  This  apparent  decrease  was  mainly  due  to  the 
precipitation  of  interstitial  copper  and  resulting  increase  of  the  concentration  of  non-compensated 
shallow  acceptors  N^-Nd.  The  concentration  Nd  is  the  concentration  of  positively  charged  donors 
due  to  interstitial  copper.  However,  the  increase  of  Na-No  alone  could  not  explain  the  decrease  of 
2AC(t)/C(t).  The  density  of  traps,  determined  by  Nt=(2AC/C)x(Na-Nd)  also  revealed  a  decrease  by 
20  to  30%  of  the  initial  amplitude.  This  residual  decrease  was  due  to  the  incomplete  flattening  of 
bands  during  the  filling  pulse,  which  caused  a  certain  time-dependent  change  of  the  zero-bias 
capacitance  value.  Since  the  position  of  CuCu-related  center  was  close  to  that  of  the  Fermi  level, 
there  was  no  need  to  consider  the  ^-point  effect  [10].  The  correct  density  of  traps  taking  into 
consideration  the  incomplete  filling  of  the  traps  in  the  space-charge  region  was  determined  from 
the  expression 

Nr  =  (2AC  /  C)  •  (V^  -  )  •  (1  -  C2  (Ej,„, )  /  C2  ))-l 


(1) 
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where  Vpuise  is  the  bias  voltage  on  the  sample  during  the  filling  pulse,  Na-Nq  is  the  concentration  of 
non-compensated  acceptors,  determined  from  the  CV-measurements.  The  usage  of  this  formula 
showed  that  within  the  uncertainty  range  of  the  measurements  there  was  no  time  dependence  of  Nj 
at  the  temperatures  below  hO^C.  Thus,  the  Cu-pair  related  centers  can  not  be  formed  at  room 
temperature  even  in  the  presence  of  lO’^  cm'^  of  interstitial  copper.  This  implies  that  either  a  large 
amount  of  energy  is  required  for  the  formation  of  a  bond  between  two  copper  atoms,  or,  as  it  will 
be  discussed  below,  a  substitutional  copper  atom  is  necessary  for  the  formation  of  the  pair.  Since 
the  concentration  of  substitutional  copper  can  not  be  high  (otherwise  it  would  have  been  detected 
by  DLTS),  it  is  possible  that  all  available  substitutional  copper  atoms  are  already  paired  with 
interstitial  ones. 


Dissociation  of  CuCu-related  center  at  elevated  temperatures 

The  dissociation  of  the  CuCu-related  defects  was  studied  in  the  temperature  range  60-140°C.  The 
dependence  of  the  dissociation  rate  on  temperature  was  fitted  in  the  Arrhenius  plot  by  a  linear 
dependence  ln(T)  =  -22.64  +  1.02/kT  (Fig.2).  The  activation  energies  of  dissociation  was 
determined  to  be  1.02+0.07  eV  taking  into  account  the  uncertainties  of  data  points. 

It  is  interesting  to  compare  the  position  of  data  points  for  the  dissociation  of  Cu-pairs  related 
centers  with  the  data  of  Aboelfotoh  et  al  [1 1].  In  that  paper,  an  effect  of  compensation  of  boron  in 
the  near-surface  region  was  detected.  Copper  was  introduced  into  the  silicon  using  an  unusual 
technique  of  copper  diffusion  from  copper  Schottky  diodes  at  room  or  slightly  elevated 
temperatures  [1 1].  The  compensation  of  shallow  boron  was  explained  by  copper-boron  pairing.  The 
activation  energy  of  reactivation  of  passivated  boron  of  0.89  eV,  reported  in  Ref  1 1,  was 
substantially  different  from  our  data.  It  predicted  the  decay  time  of  about  two  years  at  room 
temperature.  All  our  results,  obtained  on  various  samples  by  CV,  TID  and  Hall  effect  gave 
reproducible  time  constants  in  the  range  of  hours,  which  unambiguously  shows  that  the 
compensating  effect  in  the  Ref  1 1  was  due  to  other  defects  than  interstitial  copper.  Hydrogen, 
which  also  can  passivate  boron,  can  be  excluded  since  the  activation  energy  of  reactivation  of  H- 
compensated  boron  would  be  much  higher  than  it  was  reported  by  Aboelfotoh  ( 1 .68±0. 1  eV, 

according  to  Ref  12). 


1 000/T 


Fig.2.  Arrhenius  plot  for  the  dissociation  of  CuCu 
pairs-related  center  (open  circles).  Triangles  are  the 
data  from  Ref  [1 1],  discussed  in  the  text. 


Though  the  energy  of  0.89  eV, 
determined  by  Aboelfotoh  (filled 
triangles  on  Fig.2),  is  somewhat  different 
from  our  1.02  eV,  the  position  of  the  data 
points  on  the  Arrhenius  plot  is  very  close 
to  the  position  of  data  points  for  the 
CuCu-related  pairs  dissociation,  which 
suggests  that  both  energies  match  within 
the  uncertainty  range. 

This  may  indicate  that  the  centers,  which 
compensated  boron  in  Ref.  1 1  were  Cu- 
pair  related  centers.  In  this  case,  they 
should  be  positively  charged  at  room 
temperature  and  become  doubly 
positively  charged  below  50  K  after  the 
capture  of  a  hole.  This  double  donor 
nature  contradicts  to  the  conclusions  of 
J.  Weber  [3].  Another  possibility  would 
be  that  a  very  similar  potential  barrier 
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prevents  imstable  copper-precipitates,  formed  during  the  fast  quench,  from  forming  more  energy 
favorable  configuration  of  the  precipitates.  This  follows  from  the  studies  of  the  processes  of 
structural  realigmnent  of  copper-precipitates,  formed  in  the  bulk  of  silicon,  after  the  diffusion  of 
copper  and  fast  quench  [13].  The  change  of  the  precipitate  structure  manifests  itself  by  noticeable 
change  of  the  DLTS  peak  shape  and  happens  approximately  at  the  same  temperatures  and  on  a 
similar  time  scale  as  the  dissociation  of  CuCu-related  centers.  The  analysis  of  the  change  of  the 
DLTS  peak  shape  indicates  that  the  positive  charge  of  the  precipitates  decrease  as  their 
configuration  changes  [14].  This  may  imply  the  decrease  of  the  compensating  effect  of 
agglomerations  of  copper  and  may  explain  the  “dissociation”  of  positively  charged  centers 
observedinRef  11. 

Unlike  nickel  silicide  or  iron  silicide,  which  have  the  formula  MeSii,  copper  silicide  is  believed  to 
have  the  chemical  formula  CusSi.  This  implies  that  any  type  of  growth  or  dissociation  of  copper 
precipitates  would  involve  the  formation  or  dissociation  of  CuCu  pairs  or  incomplete  atomic  cells 
Cu2Si  as  an  intermediate  step  for  the  formation  or  dissociation  of  CusSi.  The  value  of  1.02  eV  can 
then  be  considered  as  a  characteristic  energy  for  one  type  of  bonding  between  copper  atoms  and  as 
a  lower  estimate  for  the  energy,  required  for  the  dissolution  of  copper  precipitates.  Indeed,  since  the 
interstitial  copper  disappears  from  the  silicon  lattice  in  spite  of  the  precipitation  barrier,  it  should 
be  bound  in  precipitates  more  strongly  than  0.55  eV.  The  values  of  above  1  eV  for  the  dissociation 
of  clusters  of  transition  metals  was  expected  from  the  gettering  studies  and  studies  of  iron 
precipitation  kinetics.  McHugo  et  al  [15]  suggested  that  the  microdefects,  which  decrease 
substantially  the  efficiency  of  multicrystalline  solar  cells,  are  clusters  of  transition  metals.  These 
clusters  are  stable  to  gettering  due  to  potential  barriers  for  the  dissolution.  Hieslmair  et  a/  [16] 
estimated  the  binding  energy  of  iron  at  precipitation  sites,  which  were  detected  in  concentration 
about  10'°  cm'^  in  both  FZ  and  CZ  silicon  and  were  stable  below  850°C,  of  more  than  1  eV. 

Discussion 

A  generally  assumed  model  of  Cu-pair  related  center  is  that  it  is  a  pair  consisting  of  a  substitutional 
and  an  interstitial  copper  atoms.  Since  the  substitutional  copper  is  believed  to  be  a  triple  acceptor, 
and  the  interstitial  copper  is  a  donor,  the  most  straightforward  model  for  the  Cu-pair  related  defect 
would  be  that  of  a  donor-acceptor  pair.  This  type  of  pairing  is  quite  common  for  transition  metals 
in  silicon.  For  example,  complexes  of  iron  with  Al,  Ga,  In  are  donor-acceptor  pairs  [8-10].  The 
binding  energy  of  such  a  pair  should  be  0.55  eV  for  the  orientation  <1 1 1>  and  0.48  eV  for  the 
orientation  <100>.  Frequently,  the  concentration  of  more  stable  <11  l>-oriented  pairs  exceed 
significantly  the  concentration  of  <100>-oriented  ones. 

The  <1 1 1>  axis  orientation  of  the  donor-acceptor  pair  is  consistent  with  the  orientation,  determined 
from  uniaxial  stress  and  Zeeman  data  by  J.  Weber  et  al  [3]  for  the  Cu-pair  related  defect.  However, 
the  binding  energy  of  Cu-pair  related  center  is  almost  twice  as  high  as  the  energy  of  a  donor- 
acceptor  pair,  provided  the  both  components  are  singly  charged.  The  binding  energy  of  1.02  eV 
would  fit  into  the  model  of  a  donor-acceptor  pair  only  if  it  is  formed  by  a  doubly  negatively 
charged  substitutional  copper,  i.e.  the  pair  has  the  formula  Cus'^Cui"*^.  Donor-acceptor  pairs,  where 
one  of  the  components  is  doubly  charged,  has  also  been  reported  (see  for  example  Ref.20) 

J.  Weber  [3]  concluded,  comparing  the  spectroscopic  localization  and  thermal  ionization  energies  of 
bound  exciton,  that  the  CuCu-center  is  an  isoelectronic  center.  The  donor  nature  of  this  center, 
frequently  mentioned  in  the  papers,  which  followed  Ref  3,  does  not  seem  to  be  consistent  with  the 
dissociation  energy  of  the  Cu-pair  related  center.  The  only  model  which  does  not  contradict  Ref  3, 
is  that  of  a  single  acceptor  With  the  change  of  the  charge  state  0/-  upon  the  capture/emission  of  a 
hole. 
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Conclusions 

The  concentration  of  Cu-pair  related  centers  was  measured  as  a  function  of  time  and  temperature 
during  and  after  the  precipitation  of  interstitial  copjrer.  It  was  found  that  high  concentrations  of 
interstitial  copper  (lO'^  cm  do  not  lead  to  the  formation  of  new  Cu-pair  related  centers.  This 
favors  the  model  of  a  pair  of  a  substitutional  and  interstitial  copper  atoms,  where  the  density  of 
defects  is  limited  by  the  concentration  of  available  substitutional  atoms.  However,  since  the 
binding  energy  of  Cu-pair  related  center  was  found  to  be  1.02±0.07  eV,  the  model  of  a  donor- 
acceptor  pair  would  imply  that  this  center  should  be  a  single  acceptor.  A  commonly  accepted 
model  of  a  single  donor  can  thus  be  ruled  out. 

The  barrier  for  the  precipitation  of  interstitial  copper  is  evaluated.  Evidence  is  provided  that  this 
barrier  (0.55+0.05  eV)  can  be  due  to  coulomb  repulsion  between  positively  charged  copper 
precipitates  and  interstitial  copper.  This  implies  that  the  precipitation  rate  of  interstitial  copper 
should  depend  on  the  Fermi  level  position  and  explains  the  role  of  shallow  acceptors  in  keeping 
high  concentrations  of  copper  in  interstitial  state  in  p-Si  for  several  hours  after  the  quench. 
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Abstract.  Photoluminescence  measurements  on  Pt-implanted  n-type  FZ  silicon  samples  show 
that  three  vibronic  bands  are  produced,  with  principal  zero-phonon  lines  at  ~  1026,  884  and 
777  meV.  The  thermal  binding  energies  are  34.6,  5.2  and  11.2  meV,  respectively.  Uniaxial 
stress  data  show  that  all  centres  are  axial.  None  of  the  spectra  can  be  identified  with  known 
transitions  on  the  Pt  donor  or  acceptor  centres,  and  they  do  not  correspond  to  any  previously 
published  PL  or  absorption  spectra.  Evidence  for  the  involvement  of  iron  and  lithium  in  some 
of  the  centres  is  presented. 


Introduction 

Several  recent  studies  have  shown  that  platinum  readily  participates  with  light  impurities  hy¬ 
drogen  and  lithium  in  the  formation  of  complex  defects  in  silicon.  The  defects  reported  to  date 
have  been  observed  in  IR  and  EPR[1].  In  all  of  these  cases,  the  platinum  was  introduced  using 
diffusion[l,  2,  3,  4],  We  are  currently  involved  in  experiments  using  radioactive  isotopes  of  Pt 
(and  other  elements)  which  are  introduced  by  implantation,  and  in  this  paper  we  report  the 
results  of  photoluminescence(PL)  studies  of  silicon  implanted  with  stable  Pt  isotopes.  We  find 
that,  within  the  spectral  range  covered  by  our  detector,  the  spectra  consist  of  three  distinct 
vibronic  bands.  Although  we  have  not  proven  that  the  defects  reported  here  correspond  to 
any  of  those  previously  observed  using  other  techniques,  we  describe  indirect  evidence  for  the 
involvement  of  Li  and  Fe  in  some  of  the  defects. 


Experimental  details 

Samples  were  prepared  from  float-zone  (001)  n-type  silicon  wafers  of  room  temperature  resis¬ 
tivity  in  the  range  1  —  lOfl  •  cm.  The  implantation  energies  were  in  the  range  60  to  200  keV, 
and  doses  from  10^^  to  10^^  cm“^  were  used.  The  standard  annealing  procedure  was  to  seal  the 
samples  in  a  helium  gas  ambient  (at  a  pressure  of  0.5  atmosphere  at  room  temperature).  The 
ampoules  were  heated  at  900  C  for  10  minutes  and  rapidly  submerged  in  water.  PL  measure¬ 
ments  were  made  using  argon  ion  laser  excitiation  (typically  100  mW  at  514.5  nm)  and  either 
Fourier  transform  or  dispersive  spectrometers  fitted  with  North  Coast  germanium  detectors. 
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Results 

A  representative  broad-range  PL  spectrum  is  shown  in  Figure  1.  In  addition  to  band  edge 
features  at  ~  1090  meV  and  above,  three  prominent  vibronic  spectra  are  observed  at  lower 
energies.  The  relative  intensities  of  the  spectra  vary  between  samples,  showing  that  three 
distinct  defects  are  involved.  We  label  the  spectra  using  the  energy  of  the  lowest  energy  sharp 
line  in  each  spectrum.  The  777  meV  centre,  first  observed  in  Ag-implanted  silicon  by  Nazare 
et  al[5],  was  subsequently  shown  to  be  Pt  related  by  the  use  of  radioactive  isotopes[6].  The 
884  meV  and  1026  meV  centres  have  not  been  reported  previously,  to  our  knowledge.  For 
all  three  centres,  the  sidebands  contain  some  local  in-band  resonance  character,  the  extent 
of  which  varies  for  the  three  centres.  Sharp  local  mode  phonons  with  energies  greater  than 
that  of  the  maximum  silicon  phonon  energy  have  not  been  observed  in  any  of  the  spectra. 
More  detailed  information  for  each  of  the  centres  is  provided  in  Figure  2,  where  PL  spectra 
at  several  different  temperatures  are  shown.  Fine  structure  is  observed  in  all  three  cases,  and 
thermalisation  measurements  show  that  transitions  occur  from  two  or  more  excited  states  to 
a  single  ground  state  in  each  of  the  three  centres.  The  details  of  the  excited  state  splittings, 
the  value  of  the  local  phonon  energies  (and  the  strength,  S,  of  the  coupling),  and  the  thermal 
binding  energies  (Ea)  are  given  in  Table  1  for  all  three  spectra. 


Energy  (meV) 


Fig.  1.  Photoluminescence  from  Si:Pt  at  7.6  K. 
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(meV) 

(meV) 

(meV) 

(meV) 

(meV) 

777 

777.17 

0.22 

767.59 

758.04 

778.70 

0.33 

769.18 

759.61 

884 

883.51 

0.2 

883.88 

0.23 

1026 

1023.6 

0.22 

1026.4 

0.23 

1030.4 

0.25 

Centre 

Ea 

Si 

S2 

Wi/Wo 

W2/W0 

(meV) 

(meV) 

777 

11.2 

0.6 

1.1 

4 

884 

5.2 

4 

1026 

34.6 

83 

86 

Table  1.  Compilation  of  the  transitions  observed  for  the  centers  777,  884  and  1026  meV.  In 
the  notation  each  line  is  labeled  by  L{,  where  i  describe  the  excited  state  and  j  the  number  of 
phonons  involved;  the  linewidth  at  half  height  is  described  by  F ;  Sm  is  the  Huang-Rhys  factor 
for  the  line  m;  Wp  is  the  probability  of  transition  from  the  excited  state  n. 
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Fig.  2.  Phdtoluminescence  of  the  three  cen¬ 
ters  observed  in  CZ  Si:Pt  measured  at  dife- 
rent  temperatures. 


Stress  (GPa) 


Stress  (GPa) 


Stress  (GPa) 

Fig.  3.  Splitting  of  the  1026.4  and  1023.5 
meV  transitions  under  uniaxial  stress.  The 
lines  represent  the  best  fitting  to  the  experi¬ 
mental  points  (dots). 


Uniaxial  stress  measurements  were  made  on  all  three  centres,  and  the  results  are  summarised 
in  the  fan  diagrams  of  Figure  3.  As  shown  in  this  figure  the  data  can  be  fitted  well  for  two 
cases:  monoclinici  (A  •(-)•  A  or  B  <->  B  transitions)  and  trigonal  (A  E  transitions).  The 
best  parameters  are  indicated  in  Table  2.  In  both  cases  the  intensity  of  the  lines  shows  strong 
dicroism  even  at  low  stress  values,  as  well  as  evidence  for  higher  energy  line  states.  For  the  884 
meV  and  777  meV  centres,  the  uniaxial  stress  data  are  incomplete.  However,  available  data 
indicate  that  the  centres  are  axial  in  nature. 
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Monoclinic  I 

Trigonal 

0-2  0.3  04 

Ai  A2  B  C 

59.6  -52.5  -40.8  102.4 

-4.9  -25.4  26.5  16.5 

Table  2.  Uniaxial  stress  parameters  for  the  fitting  shown  in  the  Figure  3  using  the  notation 
of  local  coordinates  for  the  monoclinic  I  and  of  Huges  and  Runciman[7]  for  trigonal  symmetry. 
The  units  are  meVGPa”^. 

Discussion 

The  energy  levels  produced  by  isolated  Pt  impurities  in  silicon  are  well  documented  in  the 
literature.  Several  charge  states  of  the  impurity  can  be  observed,  and  analogies  to  Au  impurities 
are  commonly  invoked  in  describing  the  nature  of  the  Pt  levels[l].  In  addition  to  the  isolated 
impurities,  quite  a  few  complex  defects  involving  one  or  more  Pt  atom,  sometimes  in  conjunction 
with  other  impurities,  have  been  cited  as  the  origin  of  EPR,  IR  and  DLTS  signatures [8].  It  is 
apparent  that  Pt  impurities  in  silicon  play  a  large  role  due  to  its  strong  tendency  to  form  both 
Pt  clusters  and  complexes  with  other  impurities,  namely  Li[l]  and  H[9].  We  now  consider  the 
results  of  our  PL  measurements  in  the  light  of  the  known  properties  of  Pt-related  centres. 

The  1026  meV  centre:  The  PL  spectra  reveal  three  excited  electronic  states  for  this  centre, 
with  transition  rates  into  the  ground  state  being  in  the  ratio  1:83:86  approximately,  and  with 
separations  between  the  levels  of  2.8  and  4.0  meV.  We  now  consider  the  position  of  the  defect 
ground  state,  as  deduced  from  the  spectral  and  thermal  information  summarised  in  Table  1. 
For  this  centre,  the  thermal  ionisation  energy  is  34.6  meV.  Therefore,  from  the  spectral  position 
the  ground  state  is  ~  95meV  from  one  of  the  band  edges. 

We  next  consider  the  details  of  the  line  shape  of  the  zero-phonon  lines.  Figure  4  shows  the 
lines  on  an  enlarged  energy  scale,  and  it  is  evident  that  the  lines  are  asymmetric.  Furthermore, 
we  can  reproduce  the  observed  line  shape  by  a  superpositioning  of  three  lines  in  the  ratio  of 
the  naturally  occurring  silicon  isotopes.  Thirdly,  we  have  found  that  introducing  Li  into  the 
ampoule  when  annealing  the  Pt-implanted  samples  enhances  the  production  of  this  defect, 
although  the  defect  can  be  produced  without  this  intentional  co-doping  with  Li.  We  note 
that  the  Pt-Li  centre  reported  in  EPR  by[10]  shows  a  strong  silicon  isotope  effect  also.  The 
stress  results  show  that  the  stress  response  to  hydrostatic  stress  (parameter  Ai  for  trigonal 
symmetry)  is  -4.9  meV/GPa.  This  value  is  ~  33%  of  the  hydrostatic  shift  for  the  silicon  band 
edge  (-15meV/GPa)  showing  that  the  centre  is  considerably  harder  to  deform  than  the  silicon 
lattice.  This  is  consitent  with  a  large  defect  envolving  a  few  atoms. 


Fig.  4.  Structure  of  the  zero  phono  line  at  1026.4 
meV.  The  fitting  (short  dash  curve)  with  theoreti¬ 
cal  curves  (dots)  in  the  ratio  of  the  naturally  oc¬ 
curring  silicon  isotopes  is  shown. 


1025.50  1026.50  1027.50 

Energy  (meV) 


The  884  meV  centre:  In  this  case  we  have  to  date  recorded  only  outline  information.  We 
detected  two  lines,  very  close  together,  and  existing  uniaxial  stress  data  show  that  the  centre  is 
axial.  A  surprising  feature  of  the  temperature  dependence  data  is  the  observation  of  a  thermal 
deactivation  energy  of  only  ~  5.2  meV  for  the  PL.  This  low  value  could  be  due  either  to  the 
existence  of  a  non-radiative  excited  state  (~  5.2  meV  higher  in  energy)  or  to  destabilisation  of 
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the  defect  over  a  ~  5.2  meV  barrier. 

The  777  meV  centre:  The  PL  spectra  for  this  centre  reveals  two  electronic  excited  states 
separated  by  1.7  meV  and  with  transition  rates  from  the  upper  level  being  a  factor  of  four 
greater  than  from  the  lower  level.  Coupling  to  the  local  mode  phonon  is  slightly  stronger  for 
the  upper  level,  too,  with  the  Huang-Rhys  parameter  values  being  1.1  and  0.6,  respectively. 
The  data  in  Table  1  show  that  the  thermal  deactivation  energy  for  the  luminescence  is  only  11.2 
meV,  compared  to  34.6  meV  for  the  1026meV  centre.  To  date,  this  centre  has  been  observed 
with  greatest  intensity  in  n-type  samples  known  to  have  some  Fe  contamination,  but  it  is  not 
yet  possible  to  confirm  that  Fe  is  essential  for  the  formation  of  the  centres.  We  find  that  when 
Au-Fe  centres  (which  produce  a  PL  band  at  735  meV[ll])  created  using  radioactive  Au  decay 
to  Pt-Fe,  only  the  777  meV  centre  has  a  concurrent  increase  in  the  PL  intensity.  However, 
we  cannot  exclude  the  possibility  that  the  777meV  centres  are  the  daughter  of  some  other  Au 
parent  centre. 

In  p-type  samples  we  find  that  the  777  meV  centres  produced  via  the  decay  of  Au  to  Pt  are 
highly  unstable  at  room  temperature,  annealing  out  completely  within  a  few  hours,  similar 
to  the  annealing  behaviour  of  the  735  meV  Au-Fe  centres  which  we  have  observed  for  p-type 
material.  We  cannot  pursue  the  parallels  between  the  two  PL  centres  fully,  as  the  data  on  the 
777  meV  centre  are  not  yet  complete,  but  we  note  that  one  key  difference  is  the  occurrence  of 
three  lines  for  the  735  meV  centre  compared  to  two  for  the  777  meV  case.  The  presence  of  a 
sizeable  spin-orbit  coupling  has  been  found  to  account  for  the  splitting  between  the  two  lowest 
energy  lines  in  the  Au-Fe  case[ll].  The  absence  of  a  comparably  strong  spin-orbit  interaction 
in  the  case  of  Pt-Fe  would  result  in  there  being  only  two  lines,  as  observed  in  the  777  meV 
case.  It  should  be  noted  that  an  important  aspect  of  current  controversy  regarding  Au  and  Pt 
in  Si  is  that  spin-orbit  effects  are  predicted  to  be  considerably  more  important  for  Au  than 
for  Pt[12].  If  the  777  meV  centre  can  be  verified  to  be  the  Pt  analogue  of  the  Au-Fe  735  meV 
centre,  then  the  first  experimental  evidence  to  support  that  contention  would  be  established. 
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IDENTinCATION  OF  THE  Si:Au  AND  Si:Pt  lS3/2(r8)+r 

PHONON-ASSISTED  FANO  RESONANCE 

M.  Klevennan,  J.  Olajos,  and  P.  Tidlund 
•  Solid  State  Physics,  University  xxfXimd 
Box  118,  S-221 00  Lund,  Sweden 

Keywords:  Fano  resonance,  shallow  acceptor,  hole  states,  Si:Au,  and  Si:Pt 

Abstract  The  acceptor  spectra  of  the  Au  and  Pt  centers  in  silicon  have  been  studied  hy 
Fourier  transform  infrared  spectroscopy  including  uniaxial-stress.  A  line,  previously 
assigned  to  the  2p'  Coulombic  line,  is  identified  as  the  lS3/2(r8)  phonon-assisted  Fano 
resonance  involving  the  P  optical  phonon.  The  deformation  potentials  b  and  d  for  the 
Au  and  Pt  1S3/2(P8)  state  are  in  good  agreement  with  those  for  the  B  acceptor.  Stress- 
induced  pref ^antial  alignment  effects  are  revealed  and  the  doublet  structure  is  due  to 
the  crystal-field  split  lS3/2(r8)  shallow  acceptor  state. 

I.  Introduction. 

The  excitatiop  spectrum  of  the  Pt  and 
the  Au  isolated  substitutional 
impurities  in  silicon  are  well  known 
[1-3].  Both  defects  have  similar 
electronic  s^ucture  {4r6],  Shallow 
acceptors  in  silicon  have  two  sets  of 
excited  states.  The  first  set  is  found  in 
the  band  gap  and  are  denoted  as  the 
P3I2  series  ^nd  are  mainly  derived 
from  the  upper  P3/2  valence  band.  A 
second  set  is  derived  from  the  P3/2 
split-off  band  and  transitions  to  p-like 
excited  hole  ^tates,  nP^/2'  denoted  2p', 

3p',...  ,  have  been  observed  for  the 
shallow  group-III  acceptors. 


The  high-energy  continuum  part  of 
the  Au  and  |he  Pi  acceptor  spectra  is 
presented  in  Fig.  1.  Both  the 
transmission  and  the 

photoconductivity  (PC)  spectra  are 
shown  for  Pt  whereas  only  the 
transmission  spectrum  for  Au  is 
reproduced  in  Fig.  1.  Fp  F2  and  F2' 
denotes  phonon-assisted  Fano 
resonances  (PAFRX  i-e.r  transitions  to  pseudo-discrete  hole-phonon  states  that  are 
resonant  with  the  valence-band  continuum.  They  consist  [2,3]  of  the  lowest  P3/2 


5250  5300  5350  5400  5450  5500  5550 


Wave  numbers  (cm’^) 


Fig.  1  Au  (transmission)  and  Pt 
(transmission  and  PC)  spectra  showing  the 
structures  in  valence  band  continuum.  (See 
text  for  details). 
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acceptor  states  plus  a  r  phonon  (519  cm  ).  As  is  readily  seen,  the  PAFR  line  shape 
varies  considjerably  when  -observed  In  absorption  -compared  to  tiaat  for  P-C  which  is 
characteristic  to  PAFRs  [7]. 

A  doublet  structure,  labeled  lS3/2(r8)'t'r  in  Fig.  1,  was  observed  for  both  defects  close  to 
the  energy  position  expected  for  the  2p'  line  which  previously  lead  us  to  tentatively 
assigned  it  as  the  2p'  line  for  the  two  centers.  Also  a  second  feature  is  observed  labeled 
lS3/2(r8)+r-f^coiocin  Fig.  1  and  is  a  phonon  replica  of  the  lS3/2(r8)+r  hne  involving  a 
Pt  local  phonon  with  an  energy  of  about  58  cm  [3]. 

The  negatively  charged  platinum  center  Pt  has  orthorhombic  1  symmetry  [5]  (C2v)  and 
a  tetragonal  (D2d)  (or  lower)  symmetry  has  been  assigned  to  the  neutral  Au  center  [6], 
A  u°.  However,  the  2Pi/2  state  is  a  Kramers  doublet  and  thus  for  the  doublet  shucture. 
The  excitation  spectra  are  schematically  described  by  A  +fiv  -»A  +h  ,  where  A  and  A 
indicate  the  neutral  and  negatively  charged  center,  respectively,  and  h  indicates  the 
hole  in  an  excited  state.  We  have  so  far  only  considered  the  excited  hole  but  the  A 
final  core  states  may  Jiave  un  energy-level  structure  of  two  nearby  states.  If  both  core 
states  can  be  reached  in  the  transition  to  the  2P-jy2  state  a  doublet  structure  are  then 
expected  to  be  observed  even  though  the  hole  is  excited  to  an  orbital  singlet.  This 
explanation  improbable  since  the  very  same  doublet  structure  would  then  be  expected 
to  be  observed  for  all  lines,  e.g.,  for  the  P3/2  lines. 

It  will  be  shown  that  the  doublet  is  due  to  transitions  to  the  lS3/2(r8)  Coulomb  state 
plus  a  r  phonon  couple^d  to  the  P3/2  valence-band  continuum,  a  phonon-assisted 

Fano  resonance.  The  doublet  line  shape  is  due  to  the  crystal-field  split  lS3/2(r8)  discrete 
state.  Reorientations  effects  are  observed  in  agreement  with  previous  results  [8,9]. 

n.  Experimental  details. 

The  samples  were  lapped,  polished,  and  etched  .(FIF+H2O)  and  Pt  and  Au  diffused 
samples  were  prepared  by  sputtering  Au  or  Pt  onto  14  Qcm  p-type  (boron)  floating- 
zone  silicon.  The  Pt  samples  were  heat  treated  at  1260  °C  for  1-7  days  and  the  Au 
samples  for  16h.  All  samples  were  quenched  to  room  temperature  in  ethylene  glycol. 
For  the  PC  samples  Ohmic  contacts  were  prepared  by  rubbing  Ga-Al  onto  parts  of  the 
surfaces.  All  spectra  were  obtained  with  a  BOMEM  DA3.02  Fourier  transform  infrared 
spectrometer  (FTIR).  The  sample  temperature  was  in  all  cases  about  10  K. 

EL  Results  and  discussion 

For  both  centers,  the  stress  splitting  of  the  lS3^2(r.8)^^  lines  have  been  studied  by  both 
PC  and  transmission  measurements.  The  results  obtained  from  the  two  different 
techniques  are,  within  experimental  errors,  identical  but  as  is  seen  in  Fig.  1,  the  energy 
positions  of  the  spectral  features,  e.g.,  the  minima  are  not  observed  at  the  same  energy 
positions  when  viewed  in  PCund  transmission.  These  observations  are  in  agreement 
with  previous  results  [7]. 
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Fig.  2  The  uniaxial-stress  splitting  of  the  Fig.  3  The  uniaxial-stress  splitting  of 
lS3/2(r8)+r  Au  line  for  FJJ4(X)1U110],^  die  lS3/2(r8)+r  K  Ihie  ^  FI  J|001], 
[111].  The  spectra  have  been  measured  by  [110],  and  [111].  The  spectra  have  been 
photoconductivity.  measured  by  transmission. 


Orientation 

FI  l{001] 

Fll{110]  FII{111] 

TABLET  The  splitting  due 

A2 

to  orientational  degeneracy 

Z 

Ai 

for  a  D2d  center. 

X  and  Y 

A2 

-( Ai  +  Aj )  -(A]  +  2A2) 

In  Fig.  2  and  3,  the  uniaxial-stress  results  for  the  Au  and  Ft  lS3/2(r8)+r  lines  are 
presented,  respectively.  The  lines  show  our  calculated  splitting  behavior  (see  further 
below).  In  spite  of  some  difference  between  the  two  spectra,  the  overall  stress  response 
is  similar  for  the  two  centers.  As  is  seen  in 

Figs.  2  -3,  the  splitting  expected  for  centers  orientated  differently  with  respect  to  the 
stress  axis  have  been  indicated  by  X,  Y,  and  Z.  The  X,  Y,  and  Z  centers  are  defined  by 
-their-Cj  axis  orientated  fhe  {100],  {010],  and  {001]  directions,  Tespectively.  An  excitation 
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line  at  a  tetragonal  center  is  expected  to  split  into  0,  2,  and  2  components  for  stress  in 
the  [111],  [110],  and  4001]  -directions,  respectively.  This  splitting  -of  the  nrientational 
degeneracy  [10]  is  presented  in  Table  1.  The  splitting  of  an  electronic  degenerate  state 
may  show  up  as  an  additional  pattern  superimposed  onto  the  orientational  splitting 
pattern. 

We  model  the  stress  splitting  by  assuming  that  the  transitions  originate  from  a 
Kramers  doublet  to  a  Tg  state  split  by  the  D2d  crystal  field  although  it  is  well  known 
that  the  Pt  center  has  Qv  symmetry  but  an  dominating  D2d  distortion.  The  stress- 
hamiltonian  matrix  becomes  [11] 


Hstress  =  +£yy(4-^J^)  +£zz(jz 

2d 

^^(^xy^y  ^yz^yz  "*■  ^zx'^zx) 

Vxy  =  'rjjxJy  JyJx}>  ^yz  “  ■*"  Jz^y}’  ^zx  “  x{JzJx  "*■  Jx^z}' 


(1) 


Note  that  the  hydrostatic  shift  is  excluded  in  eq.  1  but  will  be  included  via  the 
parameters  Aj  and  A2.  £ij  are  components  of  the  strain  tensor  and  Jj  (i=x,  y,  and  z)  are 
the  angular-momentum  matrices  for  a  an  atomic  J=3/2  state  derived  from  a  s=l/2  p- 
state.  The  values  used  for  the  compliance  tensor  components  are  Sii=7.617-  10  ,  822=- 
2.127-  10’^,  and  S44=1.246-  10’^  MPa’^.  The  parameters  b  and  d  are  deformation 
potentials  and  the  stress  is  defined  to  be  negative  for  compressional  stress.  The  zero- 
stress  splitting  of  the  Tg  .state  in  the  D2d  crystal  iield  is  modeled  hy  effective  operators 
Hx,  Hy,  and  H2,  for  X,  Y,  and  Z  orientated  centers,  respectively. 

Hx  =S-(2J^-,^-4),  Hy  =S-(2j5-J^-J^),  and  Hz  =  S-(2j2  -  (2) 


where  S  is  the  strength  of  the  distortion  and  determines  the  zero-stress  splitting  for  the 
Tg  state.  The  results  are  presented  in  Fig.  2  and  3  and  the  parameters  used  are  presented 
in  Table  11. 


By  taking  both  the  electronic  and  orientational  degeneracies  into  account  we  expect  to 
observe  4,  4,  and  2  lines  for  stress  in  the  [001],  [110],  and  [111]  directions,  respectively. 
However,  only  two  lines  are  detected  for  all  three  stress  directions  for  the  Au  center.  In 
the  case  of  Pt  the  -expected  number  of  lines  was  -observed  for  {110]  and  {111]  directions 
whereas  only  two  lines  are  detected  for  [001]  stress.  It  has  been  shown  that  the  Pt  and 
Au  centers  [8,9]  preferentially  aligns  along  the  stress  axis  for  compressional  stress.  In 
equilibrium,  the  centers  are  randomly  distributed  among  the  three  different 
orientations  wher-eas,  -e.^,,  for  steess  in  the  {001]  4ir-eotion,  X  and  Y  -centers  chang-e  their 
orientation  and,  accordingly,  the  number  of  Z  centers  increases.  For  stress  in  the  [110] 
direction,  X  and  Y  centers  are  preferred  and  the  number  of  Z  centers  decreases.  Since  all 
centers  have  tire  same  angle  fo  The  stress  axis  for  {111]  stress  no  alignment  occurs  in 
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this  case.  As  is  seen  in  Fig.  2,  a  complete  preferential  stress  alignment  is  observed  for 
the  Au  center.  For  ihe  Pt  oenter,  -a  oomplote  .alignment  is  observed  for  |001]  stress 
whereas  all  four  line  components  are  observed  for  [110]  stress.  It  should  be  noted  that  a 
third  component  has  been  observed  for  the  Au  center  for  [001]  stress  when  the  sample 
was  subjected  to  inhomogenous  stress. 

The  deformation  potentials  b  and  d  for  the  boron  acceptor  lS3/2(rg)  ground  state  [13] 
are  presented  in  Table  II.  As  is  readily  seen  the  values  for  the  deformation  potentials  b 
and  d  for  the  Au  and  Pt  lS3/2(r8)+r  are  very  close  to  those  for  boron  which  strongly 
suggests  that  the  IS^y^CFg)  state  indeed  is  involved  in  doublet  line. 

The  experimental  results  thus  strongly  indicate  that  the  Au  and  Pt  doublet  line  is  the 
lS3/2(r8)+r phonon-assisted  Fano  resonance.  This  identification  thus  enables  a  simple 
explanation  for  the  differences  in  observed  line  shape  when  viewed  in  PC  and 
transmission  ^  well  .as  lor  the  .doublet  structure.  The  energy  position  for  the  Au  mad  Pt 
lS3/2(r8)  pure  electronic  state  is  determined  by  subtracting  the  P  phonon  energy  from 
the  experimental  energy  positions.  The  energy  positions  in  this  way  determined  are 
4796  and  7278  cm'^  tor  tte  Au  mad  Pt  oenter,  respectively,  where  we  have  used  the 
mean  value  for  each  doublet.  In  spite  of  several  attempts  no  excitation  lines  have  been 
observed  at  these  energies.  In  the  case  of,  e.g.  the  chalcogen  double  donors  in  silicon 
similar  observations  have  been  made  [7]. 


TABLE  II.  The  parameters  used  in  the  stress  splitting  calculations. 
The  deformation  potentials  b  and  d  for  the  boron  lS3/2(r8)  ground 
state^^  is  presented  for  comparison.  See  text  for  details. 


Center 

b 

(eV) 

d 

(eV) 

Ai 

(cm  ^/MPa) 

^2 

(cm  ^/MPa) 

S 

(cm'^) 

Au 

-1.9 

-4.9 

-0.27 

0.17 

1.8 

Pt 

-1.6 

-4.9 

-0.11 

0.17 

2.6 

B 

-1.61 

-4.5 

- 

- 

- 

The  binding  energies  for  the  Au  and  Pt  acceptors  have  been  deduced  in  previous 
optical  studies  [2,3]  and  are  about  5021.0  cm  ^  (622.6  meV)  and  7511.1  cm  (931.3  meV), 
respectively.  The  lS3/2(r8)  binding  energy  becomes  225  cm  (27.9  meV)  and  233.1  cm 
(28.9  meV)  for  Au  and  Pt,  respectively.  These  energies  are  considerably  smaller  than 
the  binding  energies  found  tor  the  grnup-IJI  acceptors  in  silicon.  An  important 
difference  between  deep  and  shallow  centers  is  that  the  ground  state  has  very  different 
origin.  For  true  shallow  centers,  the  acceptor  ground  state  is  the  IS3/2  (r8)  Coulomb 
state  which  possibly  is  perturbed  by  central-cell  and  screening  effects  whereas  for  deep 
t:enters  the  ground  state  is  hound  by  the  localized  -potential.  The  xleep  localized  state 


484 


Defects  in  Semiconductors  -  ICDS-19 


may  give  rise  to  a  repulsive  potential  due  to  orthogonalization  effects  as  have  been 
observed  for  the  interstitial  Li  donor  [15]  and  for  the  Pt  T-lines  [16]  in  silicon.  Such 
effects  may  be  the  cause  for  the  decreased  binding  energy  observed  for  the  IS3/2  state. 

IV.  Conclusions. 

The  Pt  and  Au  doublet  lines  previously  identified  as  the  2p'  lines  have  been  identified 
as  transitions  to  the  lS3/2(r8)+r  phonon-assisted  Fano  resonance.  The  doublet 
structure  is  due  ±0  -a  .crystal-held  splitting  hue  to  lower  that  tetrahedral  symmetry  of 
both  centers. 
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SILVER-RELATED  DONOR  DEFECT  IN  SILICON 
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Abstract.  We  report  new  data  on  the  6282  cm"'  photoluminescence  band  of  a  silver-related  defect 
in  silicon.  We  show  that  the  main  structure  of  the  luminescence  bandshape  is  caused  by  the 
vibronic  interaction  between  the  excited  states  of  the  centre,  so  that  at  low  temperatures  the  phonon 
sideband  originates  from  a  forbidden  zero-phonon  line.  The  excited  states  are  derived  from  a  tightly 
bound  hole  and  a  weakly  bound  electron.  The  electron  can  be  treated  as  moving  in  an  effective  Ta 
symmetry  with  parameters  directly  related  to  the  conduction  band  minima.  The  hole  establishes  the 
symmetry  of  the  optical  centre  as  Cih. 

1.  Introduction 

Silver  in  silicon  has  attracted  much  attention  in  the  last  few  years.  This  is  due  to  its  interesting 
physical  properties  as  well  as  its  role  in  silicon  processing.  It  has  been  reported  that  silver  in  silicon 
can  produce  several  centres  [1,2].  The  investigation  of  Olajos  et  al  [3]  identified  that  one  of  those 
defects,  which  produces  the  6282  cm"'  photoluminescence  (PL)  system  is  a  deep  donor  centre,  and 
is  possibly  related  to  an  isolated  substitutional  silver  (Ags)  atom.  The  sharp  lines  have  been 
described  as  due  to  the  transitions  from  the  split  effective-mass-like  electronic  states  near  the 
conduction  band  to  the  ground  state.  Further  investigation  of  this  centre  [4-8]  has  shown  that  the 
dominant  3  zero-phonon  lines  of  its  PL,  line  "A"  at  6282.3  cm’’,  "B"  at  6289.9  cm  and  "C"  at 
6326.2  cm"'  were  transitions  to  the  same  ground  state,  and  were  associated  with  spin-triplet  and 
singlet-singlet  transitions.  The  phonons  replicas  with  quanta  of  ~  47  cm  ’  and  117  cm’  were 
believed  to  be  phonon-sidebands  of  the  A,  B  and  C  zero-phonon  (ZP)  lines.  There  is  disagreement 
about  the  symmetry  of  this  centre[3,6,8].  In  spite  of  the  optical  studies  of  this  centre,  there  are  only 
a  few  works  about  the  diffusion  and  heat  treatment  published  so  far  [9,10].  To  clarify  some  of  the 
remaining  problems  we  report  new  measurements  here.  We  show  that  the  phonon  sidebands  derive 
from  a  forbidden  state  through  vibronic  interactions  with  higher  excited  states,  and  that  the  effects 
of  uniaxial  stress  perturbations  can  easily  treated  in  an  independent  particle  approximation,  with  the 
hole  moving  in  the  Cih  symmetry  of  the  centre. 

2.  Sample  preparation  and  experimental  method 

The  centre  was  produced  from  either  1000  O  n-type  float-zone  (FZ)  silicon,  with  an  oxygen 
concentration  of  less  than  lO’"’  cm'^  and  carbon  about  5xl0’^  cm’^,  or  from  1000  Q.  n-type  WASO 
silicon,  with  oxygen  less  than  lO’^  cm’^  and  carbon  about  5xl0’^  cm'^.  The  material  was  first 
gettered  to  drive  out  Cu  atoms.  It  was  then  HF/HNO3  etched,  RCA  cleaned,  and  HF  dipped  before 
Ag  was  evaporated  on  one  side.  The  slices  were  heated  at  1 100°C  for  20  hours  in  a  quartz  tube  in 
flowing  Ar  gas  and  cooled  down  in  the  tube  .  The  surface  was  etched  to  remove  about  70|a,m. 
Optical  measurements  were  carried  out  using  either  a  Boman  DA3  Fourier  transform  spectrometer 
or  a  Nicolet  60SX  Fourier  transform  spectrometer  fitted  with  North  Coast  Ge  diode  detectors.  The 
samples  were  excited  by  a  594  nm  Ar+  laser  operated  at  a  constant  power  of  about  400  mw. 
Uniaxial  stress  measurements  were  carried  out  at  temperatures  from  4.2  K  up  to  20  K  and  with 
stresses  up  to  600  MPa. 
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3.  Structure  of  the  vibronic  sideband 


Figure  1. 

Photoluminescence 
spectra  for  silver- 
related  donor  centre 
in  silicon.  At  very  low 
temperature,  kT  « 
h  to,  zero-phonon  line 
A  weakens  relative  to 
Fi  and  F2  on  cooling 
from  4.2K  to  2K. 


Figure  1  shows  typical  photoluminescence  spectra  from  our  Ag-doped  Si  samples  at  2,  4.2,  12  and 
15  K.  The  zero-phonon  lines  labelled  A,  B  and  C  are  known  to  originate  in  three  excited  states  of 
the  centre  which  are  able  to  come  to  thermal  equilibrium  with  each  other  [6].  At  2  K  a  very  weak 
line  F  is  resolved,  at  6280  cm'*,  2  cm’*  below  A.  The  phonon  sidebands  labelled  Fi  and  F2 
correspond  to  phonons  of  quanta  ^  co  =  47  cm  *  and  1 17  cm  *.  Comparing  the  spectra  at  2,  4.2  and 
12K,  it  is  clear  that  the  B  line  does  not  produce  an  obvious  contribution  to  the  sideband,  and  that  Ci 
is  the  C-associated  one-phonon  line.  We  note  that  even  at  very  low  temperatures,  kT  «  h  ®,  the 
observed  zero-phonon  line  A  weakens  relative  to  the  one-phonon  sidebands  on  cooling  from  4.2  to 
2  K.  This  behaviour  shows  that  Fj  and  F2  are  not  conventional  phonon  sidebands.  Figure  2 
establishes  that  the  phonon  sidebands  in  fact  originate  from  the  electronic  state  F.  Here  we  plot  the 
intensity  of  the  phonon  sideband  Fi  to  the  intensity  of  the  A  zero-phonon  line.  The  ratio  follows  an 
Arrhennius  behaviour  with  an  activation  energy  of  2.1  cm'*,  equal  to  the  optical  separation  of  F  and 
A.  Similarly,  the  ratio  of  Fi  to  C  has  an  activation  energy  equal  to  the  splitting  of  F  and  C. 
Sideband  F2  follows  the  same  behaviour:  the  vibronic  sidebands  originate  through  a  vibronic 
coupling  of  F  with  the  higher  excited  states.  Coupling  of  the  excited  states  through  a  term  which  is 
linear  in  the  displacement  of  the  phonon  makes  the  one  phonon  transitions  allowed,  even  though  the 
F  zero-phonon  transition  is  still  forbidden.  This  type  of  vibronic  coupling  is  unusual  in  silicon,  and 
appears  to  have  been  reported  previously  only  for  an  FeB  centre  [11]. 

As  a  check  on  the  data  in  Fig.  2  we  note  that  the  ratios  extrapolated  to  infinite  temperature  are 
/c//fi  =  45.1  and  Ia/Ifi  =  2.1,  resulting  in  the  ratio  /c//a  =  22,  which  is  close  to  the  value  of  28 
reported  in  [7]. 
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Figure  2.  Variation  of  the  intensities  of 
line  A  (circles  )  and  C  (  dots  )  relative  to 
FI  with  temperature.  Lines  are  the  least- 
square  fits. 


T(K) 

Figure  3.  Absolute  intensity  of  the  total 
luminescence  from  the  band  as  a  function 
of  temperature. 


Figure  3  shows  the  temperature  dependence  of  the  total  luminescence  from  the  band.  The  intensity 
can  be  described  by 


gF  gf  gF 

Here  Pi/Pv  is  the  ratio  of  the  transition  probabilities  for  all  luminescence  originating  in  states  i  and 
F,  Ej  is  the  energy  of  i  above  F,  and  gj  is  the  degeneracy  of  the  ith  state.  With  increasing  T  the  total 
intensity  increases  as  the  state  C  becomes  populated,  from  which,  as  we  have  seen,  transitions  are 
strongly  allowed.  At  higher  T,  the  intensity  decreases  by  thermal  dissociation  of  the  excited  state. 
The  line  is  calculated  with  a  thermal  dissociation  energy  of  Ex  =  25  meV,  much  less  than  the 
spectroscopic  binding  energy  of  385.3  meV.  Ej  is  comparable  with  the  ionisation  energies  in  Si  of 
an  effective  mass  electron  or  hole  orbitting  one  charge  at  the  centre.  The  implication  is  that  if  we 
regard  the  excited  state  as  a  bound  exciton,  there  is  one  tightly  bound  charge  and  one  weakly  bound 
charge  at  a  neutral  centre. 

4.  External  fields. 

The  effects  of  uniaxial  stresses  on  the  energies  of  the  zero-phonon  lines  are  shown  in  Fig.  4.  We 
will  discuss  these  results  using  the  independent-particle  approximation,  where  the  orbital  motions  of 
the  two  particles  in  the  bound  exciton  are  treated  separately.  We  will  confirm  the  suggestion  [3]  that 
it  is  the  electron  which  is  the  weakly  bound  particle  by  examining  the  effects  of  uniaxial  stresses. 
The  electron  can  be  regarded  as  moving  in  an  effective  tetrahedral  symmetry,  and  only  the  tightly- 
bound  hole  experiences  the  true  symmetry  of  the  optical  centre.  If  the  orbital  motion  of  the  tightly- 
trapped  hole  is  completely  quenched  by  the  strong  axial  bonding  to  the  centre,  the  angular 
momentum  of  the  hole  is  limited  to  its  spin.  The  spin-spin  interaction  between  hole  and  electron 
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Fig.  4  Stress  dependence  of  the  ZP  lines  for  stress  along  the  principal  crystal  directions. 
Lines  are  represent  the  fits  based  on  an  independent  particle  approximation:  the  hole 
movies  in  the  a  Cih  symmetry,  and  the  electron  experiences  a  Td  symmetry. 


produces  singlet  and  triplet  spin  states.  An  effective-mass  electron  has  an  orbital  state  built  up  from 
the  six-fold  degenerate  valleys  of  the  conduction  band  [12].  The  degeneracy  is  lifted  by  the  valley- 
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orbital  interaction,  producing  a  singlet  A,  doublet  E  and  triplet  T2  state  in  Td  symmetry.  Spin-orbit 
interaction  splits  the  triplet  T2  state  further  into  three  states  with  J=0,  1  and  2.  The  ground  state  is 
taken  to  be  a  "vacuum"  state  and  so  is  a  singlet  spin  state.  Triplet  to  singlet  transitions  are  expected 
to  be  weak,  which  gives,  in  our  case,  the  allowed  singlet-singlet  transition  line  C  and  triplet-singlet 
forbidden  lines  A,  B  and  F.  Within  the  ^T2  states,  the  spin-orbital  Hamiltonian  can  be  written  as  [13] 

H^=X{L.S) 

as  in  a  term  of  an  atom,  where  X  is  the  spin-orbital  coupling  parameter.  Here  we  assume  that  A 
and  B  line  are  the  1=1  and  2  of  T2  states.  The  best  fitting  of  experimental  data  gives  ^=-3.72  cm'*. 
The  tightly-bound  hole  moves  in  the  lower  symmetry  of  the  optical  centre.  The  fit  to  the  data 
establishes  this  as  Cjh.  In  this  low  symmetry,  the  hole  will  be  perturbed  by  those  stresses  which 
transform  as  the  Ai  representation  of  the  point  group  Cih  of  the  centre.  These  stresses  are 


V=A^a,,+A2{o^+ayy)+2AiO^+AA^{Oy,-o„) 


in  the  standard  notation  introduced  by  Kaplyanskii  [14].  The  fit  to  the  data,  allowing  also  for  the 
behaviour  of  the  electron  as  described  in  the  next  paragraph,  gives  Al  =  0.06,  A2  =  0.02,  A3  =  0, 
A4  =  ±0.02  cm'* /MPa. 

For  the  loosely  bound  electron  we  are  working  in  Td  symmetry,  and  the  potential  produced  by  stress 
in  a  centre  of  Tj  symmetry  can  be  written  in  terms  of  the  combinations  of  stress-tensor  components 
which  transform  as  the  A 1,  E  and  T2  irreducible  representations  of  the  Td  point  group  : 

F—AltO  yy'\-0  2z')'^X.0t'2O  XX~r)  yy')'\‘A^Ay^-\-AyO  A^o  ^ 

where  Oy  are  stress  tensor  components,  and  the  Ai  are  electronic  operators.  The  effect  of  V  on  the 
conduction-band  states  is  then  known,  as,  e.g.  in  [15].  For  brevity  we  note  only  that  the  effect  of  V 
on  the  T2  states  can  be  written  as 


V 

T2. 

T2y 

Tiz 

T2. 

Ci-<7g+^a^) 

0 

0 

Tly 

0 

-C{(Tg+^a^) 

0 

Ti. 

0 

0 

2Cag 

where  the  C  =  x/2 ,  and  x  is  the  "valley  strain"  of  the  crystal.  The  extension  to  include  all  the  Ai 
and  E  valley  orbit  states  is  given  in  [15].  Considering  the  spin-orbital  interaction,  ^-3.72  cm'*, 
among  the  m  states,  the  best  fit  to  the  experimental  data  gives  C=0.09  cm'*/MPa.  This  value 
coincides  with  that  derived  (C=0.087  cm  */MPa)  by  Thonke  et  al  [15]  for  the  effective  mass  electron 
orbitting  the  "C"  centre. 

6.  Summary 

Almost  forbidden  transitions  from  the  level  F  have  been  shown  to  be  the  origin  of  the  phonon 
sidebands  of  the  centre,  as  a  result  of  vibronic  coupling  to  the  higher  excited  states  of  the  centre. 
The  main  splittings  under  stress  can  be  explained  using  an  independent-particle  model  in  which  the 
hole  is  bound  in  the  Cih  symmetry  of  the  centre  and  the  electron  orbits  in  states  derived  from  the 
lowest  conduction  band,  and  effectively  moves  in  Td  symmetry.  The  excited  state  multiplet 
structure  can  be  derived  from  the  conduction-band  valley-orbit  states  plus  the  effect  of  spin-orbital 
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interaction  A^-3.72  cm  *  of  the  states  of  the  electron-hole  system.  An  extension  of  the 
calculation  is  needed  to  explain  the  splitting  of  F. 
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Abstract  Two  new  electron  paramagnetic  resonance  spectra  in  silicon  doped  with  silver  in  a  water 
vapor  atmosphere  are  reported.  The  observed  centers,  labeled  Si-NL56  and  Si-NL57,  show  a  sym¬ 
metry  lower  than  cubic  and  an  effective  electron  spin  S=l/2.  Based  on  studies  with  enriched  silver 
isotopes  and  analysis  of  the  observed  two-fold  hyperfine  splitting,  the  participation  of  one  silver  atom 
is  established  for  two  centers.  The  Si-NL56  center  of  the  orthorhombic-I  symmetry  is  identified  as 
an  isolated  substimtional  silver  atom,  and  its  electronic  stnicture  is  shown  to  conform  to  the  vacancy 
model.  Due  to  the  presence  of  an  additional  hyperfine  interaction  with  a  nuclear  spin  1=512  the  Si- 
NL57  spectrum  of  the  trigonal  symmetry  is  assigned  to  a  complex  of  silver  with  another  impurity 
introduced  during  the  diffusion  process.  Taking  into  account  the  sample  preparation  procedure,  the 
Si-NL57  center  is  attributed  to  an  AU-Ag,:  pair  in  a  negative  charge  state.  This  observation  also 
indicates  the  diffusion  enhancement  of  aluminum  in  silicon  treated  in  the  water  vapor  atmosphere. 

Introduction 

Silver  receives  considerable  interest  as  a  deep-level  dopant  in  silicon.  This  is  due  to  its  interesting 
role  in  silicon  processing.  From  a  more  fundamental  point  of  view,  the  Ag  dopant  constitutes  a 
particularly  interesting  case  of  a  transition  element  with  a  complete  electron  shell,  and  is  directly 
compai-able  to  such  centers  as  Au  and  Pt  whose  electronic  stmcture  is  intensively  investigated. 

Some  information  on  electrical  and  optical  properties  of  the  silver  impurity  in  silicon  has  been 
established  in  the  past.  Electrical  measurements  [1]  revealed  its  amphoteric  character.  Using  optical 
spectroscopies  Olajos  et  al.  [2]  investigated  the  excitation  spectra  of  electronic  excited  states  in  Ag- 
doped  silicon  and  identified  those  as  arising  from  the  deep  state  of  the,  probably  substitutional,  Ag 
donor.  However,  the  microscopic  structure  of  the  Ag-induced  centers,  which  is  often  revealed  by 
means  of  electron  paramagnetic  resonance  (EPR)  spectroscopy,  is  not  clear.  In  EPR  measurements 
on  Ag-doped  silicon  [3,4]  a  number  of  Ag-related  centers  has  been  found.  One  of  the  spectra,  Si- 
NL42,  has  been  attributed  to  a  single  Ag  atom  in  a  neutral  charge  state  on  a  tetrahedral,  probably 
interstitial,  site.  The  issue  of  the  existence  of  the  isolated  substitutional  silver  center  in  silicon,  as 
postulated  from  optical  and  electrical  studies,  remains  therefore  open. 

In  this  contribution  we  present  results  of  an  EPR  investigation  of  silicon  samples  doped  with 
silver  in  water  vapor  environment;  the  high  temperature  annealing  in  water  vapor  was  shown  to  be 
an  effective  manner  to  hydrogenate  silicon  [5].  In  the  frame  of  the  study  two  new  EPR  spectra  have 
been  detected.  While  their  generation  was  evidently  related  to  the  presence  of  the  (heavy)  water 
vapor,  no  evidence  of  a  direct  hydrogen  involvement  in  the  microscopic  stnicture  of  these  centers 
has  been  found. 

Experimental  procedures 

The  samples  used  in  this  study  were  made  from  B-  and  P-doped,  dislocation-free,  float-zone  silicon 
crystals  with  a  room-temperature  resistivity  in  the  range  of  1000  Gem.  The  dimensions  of  sam¬ 
ples  were  typically  1x1x15  mm®  with  the  length  along  the  [Oil]  crystal  direction.  The  samples 
were  diffused  with  silver.  In  this  procedure  small  amounts  of  natural  high-purity  silver  (99.999%) 
or  monoisotopically  enriched  (but  not  high-purity)  silver  Ag  (99.5%)  or  Ag  (99.4%)  were  de¬ 
posited  on  both  sides  of  the  sample  by  scratching.  The  crystals  were  then  sealed  in  quartz  ampoules 
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containing  argon  atmosphere  and  a  few  milligrams  of  water.  The  diffusion  treatment  was  performed 
in  a  tube  furnace  at  a  temperature  of  1250  °C  for  a  duration  of  several  hours,  and  then  abruptly 
terminated  by  quenching  to  room  temperature. 

The  EPR  measurements  were  performed  with  a  superheterodyne  spectrometer  operating  in  the 
microwave  frequency  of  about  22.9  GHz  (K  band),  tuned  to  dispersion.  The  sample  was  mounted 
with  the  [OTl]  crystal  direction  perpendicular  to  the  plane  of  the  rotation  of  the  magnetic  field.  Most 
measurements  were  taken  at  liquid-helium  temperature. 

Experimental  results  and  discussion 

Following  the  quenching  several  new  spectra  were  observed.  Figures  1(a)  and  (b)  show  typical 
EPR  spectra  recorded  for  ^”^Ag-  and  Ag-doped  samples,  respectively.  An  anisotropic  spectrum, 
labeled  Si-NL56,  reproducible  for  doping  with  natural  or  monoisotopically  enriched  silver,  consists 
of  two  groups  of  intense  EPR  lines  corresponding  to  a  two-fold  hyperfine  (hf)  splitting.  In  addition  to 
this  signal,  another  anisotropic  spectrum,  labeled  Si-NL57,  was  also  detected  in  samples  for  which 
monoisotopically  enriched  silver  was  used  as  a  dopant  source.  These  two  spectra  have  diffeient 
angular  and  temperature  dependencies:  the  Si-NL56  spectrum  remains  unchanged  whereas  the  other 
one  vanishes  when  measuring  at  temperature  of  8  K  or  higher,  as  depicted  in  Figs.  1(c)  and  (d).  These 
facts  indicate  that  these  spectra  belong  to  different  centers. 


Magnetic  Field  (mT) 


Fig.  1:  Anisotropic  EPR  spectra  observed  at  an  angle  of  approximately  2.5°  away  from 
the  [Oil]  direction  in  the  (Oil)  plane  at  temperature  T=4.2  Kfora  sample  doped  with 
(a)  Ag  (microwave frequency  i'=22.7838 GHz)  and fb)  ^^^Ag  (i>— 22.8697 GHz)  silver 
isotope.  The  EPR  spectra  recorded  32°  away  from  the  [Oil]  at  T=8  Kfor  samples  doped 
with  (c)  ^°’^Ag  (u=22.9412  GHz)  and  (d)  (v=22.8935  GHz). 


A.  Si-NL56  center 

Taking  into  account  the  fact  that  the  anisotropic  spectrum  could  only  be  produced  when  diffusing  Ag 
in  the  water  vapor  ambient  at  high  temperature,  we  consider  Ag  or/and  H  as  the  possible  candidate(s) 
responsible  for  the  two-fold  splitting.  To  examine  the  role  of  Ag  and  H  in  the  defect  structure,  two 
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additional  sets  of  different  samples  were  prepaied:  the  first  set  of  samples  was  doped  with  natural 
(high-purity)  or  monoisotopically  enriched  silver  in  the  atmosphere  of  Ar  gas  only;  the  second  set 
was  heated  without  Ag  in  the  ambient  of  water  vapor.  The  heat-treatment  parameters  were  kept 
identical  in  both  cases.  No  Si-NL56  EPR  spectrum  for  the  two  sets  of  samples  was  detected.  From 
these  observations  we  conclude  that  both  Ag  and  H  are  needed  in  the  formation  process  of  this 
center.  Another  set  of  samples  was  prepared  with  the  use  of  Ag  and  heavy  water  vapor  (D2O,  with 
nuclear  spin  /=!  for  deuterium).  No  differences  between  samples  doped  with  Ag  in  the  atmosphere 
of  water  and  heavy  water  vapor  have  been  found.  This  leaves  Ag  as  the  prominent  candidate  for 
the  explanation  of  the  hf  stnicture.  A  similar  sample  doped  with  the  enriched  silver  isotope  Ag 
was  prepared.  The  Si-NL56  spectrum  could  be  detected  again  with  the  distinct  difference  in  the  hf 
splitting,  as  shown  in  Fig.  1(b).  The  ratio  between  the  splittings  observed  in  the  experiment  is  equal 
to  0.87,  and  perfectly  matches  the  ratio  of  the  nuclear  magnetic  moments  of  the  two  isotopes  [6]. 
On  the  basis  of  these  isotope  effects  on  the  spectra  we  conclude  that  the  anisotropic  Si-NL56  center 
involves  a  single  Ag  atom.  While  H  is  not  obseiwed  as  a  structural  component  of  the  Si-NL56  center, 
it  takes  part  in  its  formation  process.  If  further  confirmed,  this  would  be  the  first  observation  of  the 
H-related  enhancement  of  diffusion  for  a  transition  metal  impurity  in  silicon. 

The  spectmm  could  be  fitted  with  the  spin  Hamiltonian 

l-Ls  =  ri„B  >  g- S S  •  A  ■  I,  (1) 

where  g  and  A  represent  the  Zeeman  splitting  and  the  hf  interaction  tensors,  i-espectively,  with  the 
electron  spin  5=1/2  and  nuclear  spin  7=1/2.  Full  angular  dependence  of  the  spectrum,  showing  the 
orthorhombic-I  (C2,,)  symmetry ,  was  obtained  when  rotating  the  external  magnetic  field  in  the  (Oil) 
crystal  plane,  with  the  result  as  given  in  Fig.  2.  The  results  of  the  computer  fit  for  the  Si-NL56  center, 
are  summarized  in  Table  1 . 


Angle  (degrees) 


Fig.  2:  Angular  dependence  of 
the  Si-NL56  and  Si-NL57  spectra 
measured  in  the  Ag-doped  sam¬ 
ple.  The  bold  and  thin  solid  lines 
represent  a  fit  to  the  experimen¬ 
tal  points  (+)  according  to  equa¬ 
tion  (])  for  spectrum  Si-NL56  and 
equation  (2)  for  Si-NL57,  respec¬ 
tively.  The  microwave  frequency  is 
1^=22.8697  GHz 


Cu,  Ag  and  Au  atoms  have  similar  free-atom  electronic  configurations  in  vacuum  (n-l)rf^°nj^ 
(n=4,  5  and  6,  respectively).  The  same  applies  to  Pt  in  the  negative  charge  state  Pt“,  which  is  iso- 
electronic  to  Au°.  Therefore  the  similar  kind  of  symmetry  in  the  isolated  sites  could  be  expected  for 
all  of  them.  In  fact  several  experimental  results  were  shown  to  support  the  idea.  The  FPR  data  for 
the  isolated  substitutional  platinum  PtJ  [7]  revealed  the  C2,,  symmetry.  Also  for  Au  in  silicon  a  C2„ 
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spectrum  (Si-NL50  [8])  has  been  reported,  although  its  relation  to  an  isolated  neutral  gold  atom  is 
under  dispute  and  requires  further  confirmation.  In  the  IR  absorption  measurements  for  Ag-doped 

Table  1:  Spin-Hamiltonian  parameters  of  the  Si-NL56  center.  Respective  values  for 
the  oxygen-vacancy  defect  are  also  given  for  comparison.  The  hf  components  are 
given  in  MHz. 


j  Center 

Tensor 

Principal  values 

II  [100]  II  [Oil]  II  [OTl] 

Ref. 

Si-NL56 

g 

1.9954 

1.9960 

1.9980 

This 

(i'”'Ag) 

A 

160.0 

155.5 

159.4 

work 

('"^Ag) 

A 

184.3 

179.2 

183.7 

Si:OV- 

g 

2.0033 

2.0025 

2.0093 

[12] 

1  C"0) 

A 

4.363 

-0.997 

5.593 

silicon  [2]  the  observation  of  four  lines  for  the  1^(E+T2)  multiplet  indicates  that  the  center  has  C^v 
symmetry  (or  lower).  Based  on  the  vacancy  model  [9]  this  spectmm  was  then  postulated  to  arise  from 
a  neutral  substitutional  silver  dopant.  From  these  findings,  it  seems  reasonable  to  conclude  that  the 
common  trend  for  the  symmetry  of  these  impurities  in  the  isolated  substitutional  site  in  silicon  is  the 
orthorhombic-I.  Following  the  observation  of  the  isotope  effects,  we  concluded  on  the  participation 
of  a  single  Ag  atom  in  the  stnicture  of  the  C2,,  Si-NL56  center  reported  here.  At  the  same  time 
the  isotope  effects  on  the  spectra  do  not  support  the  possibility  that  the  center  consists  of  a  pair  of 
Ag  and  H  atoms.  Also  a  pair  of  Ag  and  an  impurity  with  zero  nuclear  magnetic  moment  seems 
improbable,  although  such  a  possibility  cannot  be  mled  out  experimentally.  Therefore  we  suggest 
that  the  Si-NL56  spectmm  of  the  C2V  symmeti7  ai'ises  from  an  isolated  substitutional  Ag  atom.  With 
the  cuiTent  findings  the  microscopic  picture  of  an  isolated  Ag  impurity  in  silicon  becomes  complet^ 
It  bears  also  a  close  similarity  to  the  behavior  of  nickel  in  silicon:  the  isolated  interstitial  nickel  Ni; 
in  the  high-symmetiy  site  [10]  and  the  isolated  substitutional  nickel  Ni,  of  the  C2,,  symmetry  [1  \]. 

The  Si-NL56  spectrum,  with  the  orthorhombic-I  symmetry,  the  electron  spin  S=  1/2,  the  prin¬ 
cipal  g  values  close  to  the  spin-only  value  9^=2.00232,  and  the  nearly  [Oil]  axial  hf  interaction, 
(i.e.  similar  to  the  case  for  the  isolated  vacancy  in  silicon  [12]),  is  in  good  agreement  with  the 
vacancy  model  proposed  by  Watkins  [9].  Following  this  model,  the  substitutional  Ag  atom  in  its 
neutral  charge  state  has  a  completely  filled  4r/  shell  accommodating  10  elections  (4J  ).  The  un- 
paired  55  electron,  responsible  for  the  paramagnetism  of  the  center,  occupies  the  bi  orbital  of  the 
vacancy  f2  gap  manifold  state,  which  is  split  due  to  a  Jahn-Teller  distortion.  Applying  the  treatment 
proposed  by  Anderson  et  al.  [13]  with  the  anisotropic  term  of  the  hf  interaction  P=— 176.4 
for  a  i°’'Ag  4r/ orbital  [14],  we  find  that  the  experimental  value  of  ApYi]-(A[ino]+A[oii])/2=-Fl-65 
MHz  corresponds  to  the  2%  percentage  of  d  character  in  the  orbital.  This  value  is  in  good 

agreement  with  the  spin  density  value  of  2.8%  for  4d  orbital  on  the  Ag  atom  found  alternatively 
in  the  numerical  analysis  of  the  experimental  hf  interaction  based  on  the  conventional  one-electron 
linear-combination  of  atomic-orbitals  (LCAO)  approximation.  Such  a  localization  value  is  reason¬ 
able  within  the  vacancy  model. 

B.  Si-NL57  center 

The  trigonal  symmetry  of  this  center  is  evident  from  its  angulai'  dependence  in  the  (Oil)  crystal 
plane  depicted  in  Fig.  2.  The  observed  spectmm  is  not  very  well  resolved,  and  overlaps  partially  with 
the  Si-NL56.  It  contains  six  groups  of  EPR  lines  consistent  with  the  six-fold  hf  splitting  due  to  an 
interaction  of  an  effective  electron  spin  5=1/2  with  a  nuclear  spin  1=5/2  with  an  abundance  of  100%. 
Further  two-fold  splitting  within  a  line  group  can  be  explained  by  the  hf  interaction  with  a  nuclear 
spin  /=l/2  with  an  abundance  of  100%.  This  spectral  stmcture  indicates  a  complex  consisting  of 
two  different  impurity  atoms.  Using  the  isotope  effects,  the  two-fold  hf  splitting  could  be  explained 
by  Ag  since  the  ratio  of  the  doublet  splittings  observed  for  the  samples  doped  with  enriched  ^  Ag 
and  ^°®Ag  is  consistent  with  the  ratio  of  the  nuclear  magnetic  moments  of  the  two  isotopes,  and  the 
identical  spectra  are  obtained  regardless  of  whether  water  or  heavy  water  vapor  atmosphere  is  used. 
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We  therefore  conclude  to  the  involvement  of  one  Ag  atom  in  the  defect  structure  of  this  center.  With 
the  nuclear  spin  7=5/2,  the  other  component  of  the  complex  has  to  be  considered  as  a  contaminant 
introduced  by  diffusion.  One  can  note  that  the  Si-NL57  spectrum  was  not  present  in  samples  doped 
with  high-purity  natural  silver.  There  aie  several  elements  with  7=5/2  and  a  100%  natural  abundance: 
^'^Al,  ®®Mn,  ^‘*^Pr,  Re  (with  two  isotopes  having  roughly  identical  nuclear  magnetic  moments). 

Out  of  these,  I,  Pr  and  Re  can  be  excluded  as  raie  contaminants  of  silicon.  Several  samples  were 
prepared  under  the  same  conditions  and  with  a  very  small  amount  of  Mn.  The  Si-NL57  spectrum 
could  not  be  observed  in  such  cases.  In  this  way  Mn  has  been  ruled  out  as  a  possible  constituent 
of  the  Si-NL57  center.  On  the  other  hand,  the  Si-NL57  spectrum  could  be  readily  seen  in  samples 
prepared  under  the  same  conditions  and  co-doped  with  natural  high-purity  Ag  (99.999%)  and  Al. 
We  note  further  that  the  isotopically  enriched  Ag  used  in  our  experiments  was  indicated  to  have  a 
considerable  Al  contamination.  In  view  of  the  above  facts  we  assume  that  Al  is  involved  in  the  defect 
composition  and  propose  to  assign  the  Si-NL57  spectrum  to  an  Al-Ag  pair. 

The  experimental  data  could  be  fitted  using  the  spin  Hamiltonian 

'H'S  =  M/j-B  •  g  •  +  -5  •  Aai  •  Iai  +  S  •  A  A,]  •  lAgt  (2) 

where  g,  Aai  and  Aaq  represent  the  Zeeman  splitting  tensor  and  the  hf  interaction  tensors  for  Al  and 
Ag,  respectively,  with  the  effective  electron  spin  S=I/2.  The  results  of  the  computer  fit  are  listed 
in  Table  2.  Applying  the  LCAO  treatment  to  analyze  the  experimentally  determined  hf  interaction 
cornponents,  the  spin  densities  and  t}^/3^  in  the  3^  and  3p  orbitals  on  the  Al  atom  are  then  de- 
teiTnined  as  1 .6%  and  0.8%,  respectively.  For  the  Ag  atom  only  the  isotropic  paid  of  the  hf  interaction 
is  detected  resulting  in  the  spin  density  in  the  5i  orbital  of  1.6%. 

Based  on  the  observed  hf  interactions  we  pro-  Table  2:  Spin-Hawiltonian  parameters  of 

pose  to  identify  the  Si-NL57  center  as  an  Al-Ag  the  center  Si-NL57.  The  hf  components  are 

pair.  Obviously,  the  trigonal  symmetry  of  the  pair  given  in  MHz. 
requires  two  atoms  located  along  (111),  possibly 
on  the  nearest-neighbor  sites.  In  nonirradiated  sili¬ 
con,  Al  is  known  to  occupy  substitutional  sites  and 
acts  as  a  shallow  acceptor,  spin  S=0.  Therefore  the 
observed  electron  spin  S=II2  of  the  Si-NL57  cen¬ 
ter  has  to  arise  from  the  Ag  component.  From  the 
analysis  of  the  experimental  results,  one  can  see 
that  the  hf  interaction  with  the  Ag  atom  is  isotropic  and,  as  such,  results  from  the  localization  of  the 
unpaired  spin  predominantly  in  the  5j  orbital.  This  situation  corresponds  to  the  4cF^'5s^  electronic 
configuration  of  a  Ag  atom,  in  which  a  5s  electron  gives  rise  to  the  electron  spin  S=l/2.  As  discussed 
for  the  Si-NL56  spectium,  both  Ag°  and  Ag‘(  isolated  silver  centers  have  the  required  electronic 
configuration.  However,  in  view  of  the  results  obtained  for  the  Si-NL56  center  and  the  general  trend 
of  (n-l)^/^°n5^  type  impurities  outlined  earlier,  a  neutral  Ag  atom  on  a  substitutional  site  is  likely 
to  undergo  a  tetragonal  Jahn-Teller  and  a  weaker  trigonal  distortion,  so  that  the  overall  symmetry 
of  the  hypothetical  AlJ-Ag”  pair  would  be  C2,,,  or  lower.  Since  the  observed  symmetry  of  the  Si- 
NL57  center  is  trigonal,  the  AlJ-Ag®  pair  is  not  a  good  candidate  for  the  microscopic  model  of  this 
defect.  On  the  other  hand,  the  Alj-Ag”  pair  will  be  trigonal  and  therefore  in  agreement  with  the 
experimental  findings.  Based  on  this  reasoning,  we  attribute  the  Si-NL57  spectrum  to  the  AlJ-Ag° 
pair  in  the  negative  charge  state. 

Since  the  Si-NL57  spectrum  was  only  observed  for  the  samples  doped  with  isotopically  enriched 
Ag  which  was  contaminated  with  Al,  and  not  when  natural  Ag  of  high  purity  (99.999%)  was  used, 
we  conclude  that  Al  ions  were  introduced  into  silicon  during  the  heat  treatment.  At  first  sight  such 
a  conclusion  appears  unlikely  since  Al  is  known  to  be  a  very  slow  diffusant  in  silicon.  We  point 
out,  however,  that  in  this  case  the  diffusion  process  of  Al  could  be  influenced  by  three  additional 
factors:  i)  a  simultaneous  presence  of  Ag,  which  is  known  to  create  vacancies  [10],  and  therefore 
promotes  the  substiUitional  diffusion  mechanism;  ii)  the  oxidation  of  the  sample  surface,  which  took 
place  in  water  vapor  atmosphere  at  1 250  °  C  temperature,  and  which  also  enhances  the  diffusion  [15]; 
iii)  the  presence  of  H  atoms  which  could  affect  the  activation  energy  for  diffusion.  In  any  case,  a 
low  concentration  of  aluminum  contamination  is  consistent  with  the  low  intensity  of  the  Si-NL57 
spectiiim  observed  in  this  study. 
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The  isolated  substitutional  silver  atom  in  silicon  has  been  identified  and  analyzed  by  the  CTR  tech¬ 
nique.  The  experimental  data  could  be  satisfactorily  explained  within  the  vacancy  model.  The  other 
new  EPR  spectmm  reported  here  is  associated  with  the  Al^  -Ag°  pair.  In  the  process  of  sample  prepa¬ 
ration  for  the  current  study  also  the  hydrogen-enhanced  diffusion  of  A1  and  Ag  m  silicon  has  been 

observed. 

Acknowledgements  .  •  j  * 

One  of  us  (RN.H)  acknowledges  the  Faculty  of  Mathematics,  Informatics,  Physics  and  Astronomy, 

University  of  Amsterdam  for  the  study  fellowship  in  the  Van  der  Waals-Zeeman  Institute. 


References 

1.  N.  Baber,  H.G.  Grimmeiss,  M.  Klevenuan,  P.  Omling  and  M.Z.  Iqbal,  J.  Appl.  Phys  62, 
2853  (1987)  and  references  therein. 

2.  J.  Olajos,  M.  Kleverman  and  H.G.  Grimmeiss,  Phys.  Rev.  B  38,  10633  (1988). 

3.  N.T.  Son,  V.E.  Kustov,  T.  Gregorkiewicz  and  C.A.J.  Ammerlaan,  Phys.  Rev.  B  46,  4544 

(1992). 

4.  N.T.  Son,  T.  Gregorkiewicz  and  C.A.J.  Ammerlaan,  J.  Appl.  Phys.  73, 1797  (1993). 

5.  M.  Hohne,  U.  Juda,  Yu.V.  Maitynov,  T.  Gregorkiewicz,  C.A.J.  Ammerlaan  and  L.S. 
Vlasenko,  Phys.  Rev.  B  49,  13423  (1994). 

6.  G.H.  Fuller,  J.  Phys.  Chem.  Ref.  Data  5,  835  (1976). 

7.  H.H  Woodbui7  and  G.W.  Ludwig,  Phys.  Rev.  126,  466  (1962), 

8.  N.T.  Son,  T.  Gregorkiewicz  and  C.A.J.  Ammerlaan,  Phys.  Rev.  Lett,  69.  3185  (1992). 

9.  G.D.  Watkins,  Physica  117B  &  1I8B,  9  (1983).  t,  u  n 

10.  G.W.  Ludwig  and  H.H.  Woodbury,  in  Solid  State  Physics,  edited  by  F.  Seitz  and  D,  Turnbull 

(Academic  Press,  New  York,  1962),  Vol.  13,  223. 

11.  L.S.  Vlasenko,  N.T.  Son,  A.B.  van  Oosten,  C.A.J.  Ammerlaan,  A.A  Lebedev,  E.S.  Taptygov 
and  V.A.  Khramtsov,  Solid  State  Commun.  73,  393  (1990). 

12.  M.  Sprenger,  S.H.  Muller,  E.G.  Sieverts  and  C.A.J.  Ammerlaan,  Phys.  Rev.  B  35,  1566 

(1987). 

13.  EG.  Anderson,  F.S.  Ham  and  G.D.  Watkins,  Phys.  Rev.  B  45,  3287  ( 1 992). 

14.  A.K.  Koh  and  D. J.  Miller,  At.  Data  Nucl.  Data  Tables  33,  235  ( 1 985). 

15.  S.  Mizuo  and  H.  Higuchi,  Jpn.  J.  Appl.  Phys.  21,  56  (1982). 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  497-502 
©  1997  Trans  Tech  Publications,  Switzerland 
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Abstract  The  often  used  pseudo-donor  model  for  luminescence  and  excitation  spectra 
in  semiconductcirs  will  lie  discussed  in  some  detail.  The  model  has  been  applied  to 
excitons  bound  at,  e.g.,  isoelectronic  centers  but  also  to  excitation  spectra  of  deep  levels. 
It  will  be  argued  that  the  pseudo-donor  model  is  applicable  only  to  bound  excitons  for 
which  the  binding  is  weak.  For  more  strongly  bound  excitons  as  for  deep  centers  "there 
is  no  point  itj.  using  -the  ierm  hound  exciton,  since  -one  has  simply  -an  -excited  state  of 
the  defect"  [1].  It  will  be  argued  that  the  particular  spectral  features  observed  for  deep 
"pseudo-donors"  are  well  accounted  for  by  considering  the  "molecular"  gap  state  of 
deep  donors  in  addition  to  the  shallow-donor  states. 

Discussion 

The  energy  structure  of  shallow  donors  is  known  for  many  semiconductors  and  is  well 
described  by  the  effective-mass-theory,  EMT.  The  electronic  structure  of  a  neutral 
donor  in  cubic  semiconductor  with  the  conduction  band  minimum  at  the  T  point  is 
simply  that  for  atomic  hydrogen  although  the  energy  scale  is  reduced  due  to  the  static 
dielectric  constant  and  the  effective  mass.  The  lowest  state  is  Is  and  since  it  is  the 
ground  state  transitions  to,  e.g.,  2p,  3p,  and  etc.  may  be  observed. 


Is  (6] 


Silicon  has  six  equivalent  conduction  minima  in  the  <100>  directions.  All  shallow 
donor  states  are  therefore  at  least  six-fold  degenerate  and  in  tetrahedral  symmetry, 
valley-orbit  interaction  and  central-cell  effects  split  the  six-fold  degenerate  Is  state  to 
ls(A;^),  1s(T2),  -and  ls(E)  being  1-,  3-  and  2-fold  degenerate,  respectively  {Fig.  1).  For 
shallow  donors  for  which  no  bound  states  exists  in  the 
band  gap  except  the  Coulombic  states,  the  Is(Ai)  state  is 
usually  the  ground  state  since  it  is  the  only  Is  state  that 
has  a  non-vanishing  amplitude  at  the  origin  and, 
accordingly,  is  most  strongly  affected  by  the  attractive 
localized  impurity  potential.  The  ls(T2)  -and  the  ls(E) 
states  have  energies  close  to  the  Is  EMT  energy.  Electric- 
dipole  transitions  are  symmetry  allowed  from  Is(Ai)  to 
1s(T2)  but  this  transition  is  usually  not  observed  for  true 
shallow  centers  since  it  is  forbidden  in  the  EMT 
approximation.  The  Is  energy  level  structure  is 
nevertheless  well  known  for  shallow  donors  since  the 
energy  po.sitions  of  ls(T2)  and  ls(E)  have  been 


EMT 


_EJ2J_ 

.  T2(3) 

\  Ai  (1) 

valley-orbit 

symmetry 


Fig.  1  Multivalley  splitting 
of  is  donor  states  in  silicon 
for  tetrahedral  symmetry. 
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established,  e.g.,  by  thermal  population  studies. 


Transitions  to  states  in  the  Is 
manifold  have  been  observed  for 
many  deep  donors  in  silicon.  In  the 
case  of  the  chakogen  4ouble  honors 
S,  Se,  and  Te  in  Si  transitions  to  the 
1s(T2)  state  have  been  observed. 
Their  ground  states  (Ai  symmetry) 
are  not  E]fdT  like  and  this 
symmetry  allowed  but  EMT- 
forbidden  transition  becomes 
visible.  The  presence  of  the  ls(E) 
state  has  ^en  confirmed  by 
observing  the  corresponding 
phonon-assisted  Fano  resonance  [2] 
and  by  uniaxial  stress  studies  [3]. 
Another  example  is  the  T-line 


Wave  numbers  (cm 


Fig.  2  The  excitation  spectrum  of  the  Ag  donor. 
Transitions  to  s  states  dominate  the  spectrum. 


spectrum  in  platinum  doped  silicon  [4].  The  uniaxial  stress  splitting  pattern  and  the 
Zeeman  spectra  were  perfectly  accounted  for  by  considering  all  six  Is  states,  Is(Ai), 

1s(T2),  and  ls(E).  The  excitation  spectrum 


Fig.  3  The  photocurrent  spectrum  for  the 
C  line  donor. 


of  Ag  in  silicon  is  also  dominated  by 
transitions  to  states  in  the  Is  manifold  [5]. 
This  spectrurp  is  presented  in  Tig..2  and  is 
more  complex  since  many-particle  effects 
is  observed.  However,  uniaxial  stress 
measurements  have  revealed  that  all  six 
Is  state  are  found  in  an  energy  region 
close  to  the  Is  EMT  position.  The 
excitation  spectrum  of  the  low  symmetry 
C-line  defect  [6,7]  and  615  meV  defect  [8] 
both  show  transitions  to  all  six  states  but 
for  the  latter,  the  lowest  Is  state  is  found 
165  meV  below  the  Is  EMT  value.  The  C- 
line  photo-current  spectrum  is  presented 
in  Fig.  3 


The  model  of  bound  excitons  stems  from  work  around  1960  [9,10].  It  has  clearly  been 
demonstrated  experimentally  that  the  energy  spectrum  of  bound  excitons  at  neutral  or 
isoelectronic  centers  can  show  close  similarity  with  shallow-donor  spectra.  The 
excitonic  speptrran  is  then  termed  a  pseudo-donor  spectrum.  The  name  indicates  that 
the  center  is  not  a  true  donor.  The  cause  behind  the  transformation  from  an  ordinary 
exciton  spectrum  to  a  donor  like  spectrum  is  due  to  the  fact  that  when  the  hole  is  more 
strongly  bound  the  localization  of  the  hole  increases.  As  the  localization  of  the  hole 
increases  the  pnterrtral  felt  by  the  delocalized  electron  becomes  more  like  a  potential 
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from  a  point  charge,  i.e.,  Coulombic  like.  Accordingly,  the  energy  spectrum  becomes 
shallow-donor  Jike  when  the  hole  is  localized  with  one  important  distinction;  the 
ground  state  is  not  the  Is  state  but  the  one  when  the  hole  and  electron  have 
recombined.  This  difference  has  been  used  as  a  fingerprint  for  a  pseudo-donor,  i.e., 
when  transitions  to  the  Is  state  are  observed  in,  e.g.,  an  excitation  spectrum,  the  center 
is  termed  a  pseudo  donor  and  when  it  is  missing  die  oenter  is  simply  an  ordinary 
donor  [8].  Employing  this  fingerprint,  shallow  donors  and  the  chalcogens  are  donors 
whereas  the  Ag,  Pt  T-line,  C-line,  and  the  615  meV  centers  are  pseudo-donors.  It 
should  be  noted,  however,  that  transitions  to  the  Is(Ai)  state  are  not  symmetry 
allowed  for  the  chalGOg.en  Tjj  renters  and  no  ls(Aj)  absorption  line  would  i>e  observed 
even  if  the  ls(A;[)  shallow-like  state  exists. 

In  the  original  bound-exciton  model  it  is  assumed  that  the  defect  still  is  neutral  and 
the  hole  is  bound  hy  the  local  defect  potential  and  the  local  defect  induced  strain  field 
[11].  From  several  work  on  donor-like  spectra  in  silicon  a  hole  binding  energy  up  to 
about  0.5  eV  has  been  inferred.  Its  difficult  to  understand  that  the  defect  still  can  be 
considered  as  neutral  and  that  no  strong  interactions  between  the  localized  hole  and 
the  defect  states  xxxun  The  potential  felt  by  an  electrrm  in  exdted  shallow  donor  states 
has  two  parts,  the  long  range  Coulomb  potential  and  a  localized  potential.  According  to 
the  bound-exciton  model  the  localized  potential  should  be  hole-attractive  [12]  whereas 
a  strong  local  electron-attractive  potential  has  been  inferred  from  several  "pseudo¬ 
donor"  specba  -[8],  In  order  to  account  for  this  discrepancy,  the  hole  was  considered  to 
be  so  localized  that  it  was  associated  with  the  deep  defect  ground  state  canceling  the 
electron  repulsive  part  leading  to  a  net  electron  attractive  potential  [8],  It  therefore 
seems  very  attractive  to  abandon  the  pseudo-donor  model  based  on  the  bound  exciton 
concept  as  a  whole  and  instead  consider  the  shallow-donor  like  excitation  spectrum  as 
being  due  to  excitation  of  an  electron  from  a  deep  ground  state  to  shallow-donor  states. 

There  exists  a  good  basic  understanding  on  the  ground-state  properties  of  deep  defects 
in  silicon.  Different  schemes  are  applicable  for  different  classes  of  defects.  A  simple 
approach  for  substitutional  impurities  is  to  first  consider  the  electronic  structure  of  the 
Si  vacancy.  T|be  four  vacancy  sp  hybrids  transform  ns  a^  and  being  1-  and  3-fold 
degenerate.  The  ai  state  is  found  in  the  valence  band  and  the  t2  state  is  found  in  the 
band  gap.  When  inserting  the  defect  into  the  vacancy,  the  defect  valence  states  interact 
with  the  vacancy  orbitals  and  bonding  and  antibonding  states  are  formed  according  to  a 
LCAO  molectjilar  model  ]^  13,14],  This  model  well  accounts  for  the  electronic  structure  of 
the  transition-metal  impurities  at  the  end  of  the  rows  in  the  periodic  table.  The  d-states 
split  in  the  tetrahedral  crystal  field  into  an  e  and  t2  orbital,  denoted  de  and  dt2  for 
clarity.  Interaction  between  the  vacancy  t2  and  impurity  dt2  states  gives  rise  bonding 
and  antibonc^ing  states  ^14],  For  the  heavier  impurities,  the  antibonding  t2  state  is 
found  in  the  gap  and  by  occupying  it  with  the  electrons  available  the  many-particle 
defect  ground  state  is  formed.  This  gap  state  will  be  termed  a  molecular  state  since  its 
electronic  properties  is  determined  by  the  energy  positions  of  the  non-interacting 
vacancy  and  impurity  orbitals  and  the  matrix  elements  describing  the  interaction 
between  the  two  sets  of  orbitals  in  the  view  of  LCAO. 
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A  similar  scheme  can  be  set  up 
for  the  substitutional  sp-bonded 
impurities,  e.g.,  the  chalcogens 
and  the  group-V  donors.  The 
impurity  s  and  p  states  interact 
with  the  vacancy  a^  and  t2 
orbitals,  respectively.  For  the 
group-V  donors  the 

antibonding  and  bonding  states 
are  found  as  resonances  in 
conduction  and  valence  band, 
respectively  whereas  for  the 
chalcogens  an  antibonding 
state  is  pulled  down  from  the 
conduction  band  and  appears  as  p.^  ^  Schematic  picture  showing  the  interaction 
a  bound  state  in  the  gap.  As  between  a  localized  state  and  hydrogenic  states  as 
above  we  will  consider  this  the  localized  state  is  pulled  down  from  the 
state  as  a  molecular  state  continuum, 
mainly  due  to  interaction 

between  the  impurity  s  and  vacancy  a^  orbitals.  When  the  ai  state  appears  as  a 
resonance  in  the  conduction  band  the  group-V  and  the  chalcogens  are  shallow  single 
and  double  donors,  with  one  and  two  electrons  occupying  the  lowest  Coulombic  Is 
state,  respectively.  What  will  happen  if  we  move  the  a^  molecular  state  from  the 
conduction  band  into  the  bandgap?  This  is  schematically  shown  in  Fig.  4  employing 
matrix  elements  describing  the  interaction  between  the  localized  a^  state  and  the 
hydrogenic  states.  The  matrix  elements  are  proportional  to  the  overlap  between  a  very 

localized  aj  state  (delta  function)  and 
hydrogenic  s-states.  As  is  readily 
seen  in  Fig.  4,  avoiding  crossing 
behavior  is  observed,  as  expected, 
and  when  the  localized  aj  state  is 
well  below  the  Coulombic  states  the 
resulting  electronic  structure  is 
simply  that  of  a  localized  ground 
state  and  a  perfect  ladder  of 
Coulombic  states.  Similar  behavior 
is  expected  for  a  t2  gap  state  described 
above  for  substitutional  transition 
metals  but  only  hydrogenic  states  of 

,  .  ,  i-u  «  ^  h  symmetry  will  interact  with  the 

Fig.  5  Schematic  picture  showing  the  effect  upon  f.  . 

the  hydrogenic  states  as  the  strength  of  a  delta  this  state, 
function  potential  is  increased. 
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We  have  not  yet  found  any  reason  why,  e.g.,  the  Is(Ai)  state  should  be  missing  in  the 
manifold  of  Is  EMT  -states.  F-or  an  alectr-on-attr-activ-e  localized  ^tential  .as  -discussed  i  n 
conjunction  with  pseudo-donors  above  all  ns(Ai)  states  will  in  general  increase  their 
binding  energy  and  the  ls(A])  state  in  particular.  For  a  weak  potential,  first-order 
perturbation  theory  is  sufficient  to  calculate  the  energy  shifts  and  they  are  expected  to 
scale  as  the  ppbability  to  lind  the  electron  at  the  -origin,  Flowever,  there  will  -also  be 
matrix  elements  coupling  the  various  ns(Aj)  states  that  become  important  when  the 
strength  of  the  potential  increases.  In  order  to  understand  how  the  ladder  of  states  for  a 
hydrogenic  system  are  affected  by  a  localized  potential  a  simple  model  was  employed 
considering  a  -delta-function  hydrogenic  s  states.  The  r-esult  is  presented  in  Fig.  5.  As 
the  strength  of  the  localized  potential  increases  a  bound  state  is  pulled  down  from  the 
continuum  and  avoided  crossings  with  the  Coulombic  states  appears.  The  behavior  is 
that  expected  for  a  central-shift  of  the  shallow-donor  states.  The  localization  of  the 
lowest  state  increases  drastically  well  below  the  Is  4?osilion.  In  the  case  of  sp-bonded 
deep  donors,  the  localized  state  will  ultimately  interact  with  the  a^  molecular  gap  state. 
Even  though  it  seems  physically  improbable  that  an  avoided  crossing  between  the 
molecular  state  and  the  central-cell  shifted  "Is"  state  can  occur  it  will  nevertheless  only 
lead  to  an  inverted  lev-el  -ordering,  i.e,,  the  central-c-eU  shifted  "Is"  state  becomes  the 
ground  state  and  the  molecular  state  an  excited  state  of  the  defect.  No  states  have 
disappeared  but  the  level  ordering  has  been  altered. 

The  discussion  above  strongly  indicates  that  all  six  s  states  should  exist  for  all  deep 
donors  in  silicoji  -although  some  with  drastically  -changed  -character,  -e.g.,  l-ocalization. 
Its  interesting  to  speculate  that  this  also  can  be  the  case  for  the  chalcogen  double  donors 
in  silicon.  Electric-dipole  transitions  from  the  deep  ground  state  to  the  Is(Aj)  state  is 
strictly  forbidden  and  will  never  be  observed.  Attempts  to  occupy  this  state  by  optical 
excitation  (and  its  spin-triplet  version)  and  have  failed. 

The  observation  of  singlet-triplet  states  [15,16]  for  many  bound  exciton  lines  in  silicon 
has  been  taken  as  an  indication  favoring  the  pseudo-donor  model  [8].  Singlet-triplet 
states  naturally  follow  from  the  deep  donor  model  since  for  all  neutral  donor  centers 
with  integer  ^n  both  the  cxdted  electron  in  -a  shallow  -donor  state  -and  the  remaining 
core  state  has  spin  1/2  and  series  of  spin  singlet  and  triplet  excited  states  will  exist.  The 
chalcogen  double  donors  have  both  spin  singlet  and  triplet  states  but  so  far  no  attempts 
have  been  made  to  explain  their  electronic  structure  employing  a  pseudo-donor 
model.  Furthermor-e,  -of -all  the  defect  centers  listed -above  /except  the -chalcogens)  only 
the  Ag  spectrum  indicates  the  presence  of  spin-triplet  states. 

Conclusions 

It  has  been  shown  that  all  spectral  features  that  has  been  considered  to  be  specific  for 
pseudo-donors  naturally  follows  from  the  well  known  "molecular"  properties  of  deep 
donor  ground  states 
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VACANCIES  AND  INTERSTITIAL  ATOMS  IN  e  -IRRADIATED  SILICON 
H.  Zillgen  and  P.  Ehrhart 

IFF,  Forschungszentram  Julich  GmbH,  D  52425  Julich,  Germany 

Keywords:  Silicon,  Vacancies,  interstitial  atoms,  Frenkel  pairs,  electron  irradiation 

Abstract.  Differently  doped  Si-wafers  were  irradiated  with  2.5MeV  electrons  and  subsequently 
investigated  by  X-ray  diffraction  methods.  We  show  that  a  large  fraction  of  the  induced  defects  is 
stabilized  in  the  form  of  close  Frenkel  pairs  which  are  characterized  by  the  nearly  perfect 
cancellation  of  the  long-range  displacement  fields  of  the  interstitial  atom  and  the  vacancy.  We 
discuss  the  absolute  size  of  these  displacements  as  well  as  the  introduction  rate  of  the  defects,  which 
is  of  the  order  of  Z  =  Icm"’.  By  comparing  weakly  doped  Cz-Si  or  FZ-Si  and  degenerate  p-type 
Si(B)  and  n-type  Si(As)  we  show  that  the  results  are  independent  of  the  oxygen  content  of  the 
samples  and  of  the  position  of  the  Fermi  level.  We  discuss  the  difference  of  the  observed  high 
defect  introduction  rates  to  the  results  of  electrical  and  EPR  investigations  and  discuss  the 
consequences  for  the  understanding  of  the  defect  production  in  Si  and  for  the  assumption  of  an 
athermal  migration  of  interstitial  atoms.  In  addition  we  compare  the  defect  patterns  observed  after 
4K  irradiation  to  those  observed  after  annealing  at  room-temperature  and  after  room  temperature 
irradiations. 


1.  Introduction. 

Point  defects  in^  have  been  investigated  in  great  detail  [1]  and  as  the  thermal  equilibrium 
concentrations-df the  intrinsic  point  defects,  i.e.  vacancies  and  interstitial  atoms,  are  very  low  most 
information  has  been  obtained  from  low  temperature  electron  irradiation  experiments.  Nevertheless, 
there  are  many  open  questions  or  speculative  models  for  the  details  of  the  defect  behavior.  Although 
electron  irradiations  produces  Frenkel  pairs  (FPs)  in  a  reproducible  manner,  the  defect  introduction 
rates  observed  e.g.  by  electron  paramagnetic  resonance  (EPR)  are  generally  quite  low  as  compared 
to  calculations  using  a  threshold  energy  for  defect  production  of  20-40eV  [2].  For  typical  electron 
energies  of  Ee~1.5MeV  introduction  rates  of  Z=lcm  '  are  expected,  whereas  the  highest 
introduction  rate  observed  by  EPR  at  low  temperatures  amounts  to  Z  =  0.03cm  '  in  p-type  Si.  For  n- 
type  and  intrinsic  Si  the  values  are  at  least  an  order  of  magnitude  lower.  The  low  introduction  rate 
has  been  explained  by  an  athermal,  ionization-  induced  mobility  of  the  interstitial  atoms  which 
yields  a  direct  recombination  of  most  of  the  Frenkel  pairs.  Defects  seem  only  to  survive  if  the 
interstitial  atom  escapes  direct  recombination  and  arrives  at  another  trap  (e.g.  a  dopant  atom)  and 
forms  a  stable  complex.  Especially  the  reactions  of  interstitial  atoms  with  group-III  dopant  atoms  in 
p-type  Si  have  been  investigated  in  detail  by  EPR  techniques  [1].  As  no  clear  evidence  for  the 
presence  of  undisturbed  interstitial  atoms  or  FPs  has  been  found  so  far,  the  EPR  results  gave  strong 
support  for  the  assumption  of  an  athermal  interstitial  mobility;  nevertheless  the  evidence  for 
athermal  migration  must  be  considered  to  be  an  indirect  conclusions  and  therefore  alternative 
formation  mechanisms  for  these  complexes  cannot  be  excluded  [3]. 

As  most  of  these  spectroscopic  studies  are  limited  to  low  defect  concentrations  or  irradiation  doses 
(Ot  <  lO'^eVcm^  ),  we  started  X-ray  diffraction  investigations  which  yield  information  on  defect 
structures  especially  for  high  irradiation  doses.  Such  high  dose  irradiations  offer  the  advantage  that 
the  intrinsic  defects  reactions  are  dominant  and  the  interaction  with  electrically  inactive  impurities 
like  O  or  C  is  negligible.  We  have  reported  first  results  on  lightly  doped  Si  at  the  preceding 
conference  [4],  and  demonstrated  that  a  high  concentration  of  Frenkel  pairs  can  be  frozen  in  at  4K 
for  this  material.  This  observation  is  in  complete  contrast  to  the  expectation  of  the  evolution  of  the 
defect  pattern  assuming  highly  mobile  interstitial  atoms,  as  we  would  expect  either  a  saturation  of 
the  defect  concentration  at  the  concentration  of  the  doping  atoms  (=  lO'®  cm'^  ,model  of  saturable 
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traps),  or  the  beginning  of  cluster  growth  at  the  corresponding  dose  (unsaturable  traps).  In  the 
present  paper  we  concentrate  on  the  extension  of  the  investigation  on  heavily  doped  Si  in  order  to 
check  for  a  possible  dependence  of  the  defect  properties  on  the  position  of  the  Fermi  level  and  to 
arrive  at  more  general  conclusions. 


Z.  lixpenmeniai.  i  i  oi5  tj  -3^ 

The  experimental  investigations  were  started  with  slightly  doped  p-type  samples  (3-10  c  cm  ), 
and  Cz-Si  as  well  as  FZ-Si  wafers  were  used  in  order  to  check  for  a  possible  influence  of  oxygen  on 
the  defect  reactions.  In  order  to  investigate  the  possible  influence  of  the  position  offte  Fermi  level 
on  defect  production  and  defect  mobility  we  used  degenerate  p-type  Si  (2- 10  B  cm' )  and  n-type  Si 
(2-10'®  As  cm'^)  wafers.  The  irradiations  were  performed  with  2.5  MeV  electrons  at  the  Jiihch 
irradiation  facility  [5]  using  current  densities  between  5  and  10|iA/cml  The  samples  were  cooled  in 
a  stream  of  liquid  He  at  4.7K  or  in  He  gas  during  the  room  temperature  (RT)  irradiation. 

The  investigations  of  the  diffuse  scattering  X-ray  intensity  and  of  the  change  of  the  lattice 
parameter  were  performed  with  CuKai  radiation  at  a  measuring  temperature  of  6K  (for  details  see 
eg  ref6).The  theory  necessary  to  deduce  the  information  contained  in  the  measured  diffuse 
scattering  cross  section,  S,  is  well  documented[7],  and  we  will  use  the  so-called  Huang  Diffuse 
Scattering  (HDS)  which  is  observed  for  small  deviations,  q,  of  the  scattering  vector,  k,  a 
reciprocal  lattice  vector,  G.  The  scattering  cross  section  of  the  HDS  is  given  by;  SnCk)  =  c  r  [G 
s(q)P;  s(q)  is  the  Fourier  transform  of  the  displacement  field  of  an  isolated  defect,  c  is  the  defect 
concentration,  and  f  is  the  atomic  scattering  factor.  Expressing  the  strength  of  the  displacement  field 
s(r)  by  the  relaxation  volume  V*'  of  the  defect  we  obtain: 

SH-c(V''yGV 

Sh  yields  the  product  c(V'®y,  and  by  combination  with  measurements  of  the  change  of  the  lattice 
parameter,  Aa/a  ~  c  V'®'/3,  the  two  unknown  numbers  c  and  V^®'  can  both  be  determined.  As  we  are 
considering  FPs,  the  experiment  yields,  however,  only  average  values  from  contributions  of 
interstitials  and  vacancies: 

Sjj  ~  C  ((  vr'f  and  Aa/a  ~  c  (Vi'^'+Vy''®’)  (2) 

These  equations  show  that  defects  with  the  opposite  sign  of  V®'  can  cancel  in  Aa/a,  however,  the 
diffuse  scattering  Sh  adds  up. 

3.  Defects  after  4K  irradiation. 

The  slightly  boron  doped  samples  have  a  very  high  resistivity  at  4K  and  it  is  well  known  that  the 
charge  carriers  are  removed  after  very  low  irradiation  doses.  We  can  therefore  consider  these 
samples  to  be  highly  ohmic  Si  over  the  range  of  high  doses  investigated  here.  The  degenerate 
samples  allow  for  in  situ  measurements  of  the  electrical  resistivity.  For  the  n-type  samples  the 
carrier  removal  rate  is  small  (ti  =  0.1cm'-)  and  the  samples  remained  highly  conductive  even  after 
irradiation  doses  of  2-10’®  e'/cm^  [8]  whereas  the  p-type  samples  (1)  =  2cm'‘)  became  highly  ohmic 
and  finally  converted  to  n-type  conductivity  at  this  highest  dose  [8,9]. 

Fig.l  shows  the  distribution  of  the  defect-induced  HDS  close  to  different  Bragg  reflections  for  the 
degenerate  Si  samples.  We  observe  a  similar  distribution  of  the  intensity  as  well  as  similar  values 
for  the  absolute  intensity  values  as  for  the  undoped  samples  [4,8]:  a  decrease  of  Snq  at  small  values 
of  q,  which  characteristically  indicates  deviations  from  a  random  distribution  of  defects.  Combined 
with  additional  features  of  the  distribution  of  the  scattering  intensity,  e.g.  the  angular  distribution  of 
the  intensity  around  the  Bragg  peak,  and  especially  the  asymmetry  of  the  intensity  for  ±q  [8,  md 
ref.6  for  the  example  of  InP],  we  can  conclude  that  there  is  a  dominant  contribution  of  close  FPs 
with  a  typical  distance  of  1-2  lattice  constants  present  after  irradiation  (Fig.2). 
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Fig.l:  Symmetrical  part  of  the  HDS  scattering 
cross  section  plotted  as  a  function  of  the 
distance,  q,  of  the  scattering  vector,  k,  from 
different  Bragg  reflections.  Data  are  shown 
for  degenerate  Si(B)  and  Si(As)  after  an 
irradiation  dose  of  1.7  lO'^  eVcm^' 
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Fig.2:  Schematic  view  of  the  configuration  of 
a  close  FP,  which  can  explain  the  intensity 
distribution  shown  in  fig.l.  The  opposite 
displacements  around  the  interstitial  atom 
and  the  vacancy  add  up  in  the  region  between 
the  defects  and  cancel  at  large  distances. 


In  contrast  to  the  increase  of  Sh  we  observe  no  systematic  change  of  the  lattice  parameter:  Aa/a  < 
(0,5  ±  0.5)xl0'^  in  agreement  with  earlier  results  for  the  undoped  samples[4,8].  From  eq.2  we 
conclude  therefore  that  the  displacement  fields  of  interstitials  and  vacancies  must  nearly 
compensate,  i.e.  Vi'®'  =  -Vy'®'.  For  this  condition  eq.2  allows  no  further  separation  of  c  and  (V'®')^  = 
(Vi  =  (Vv'®')2  ,  and  we  have  to  make  assumptions  about  either  V®‘  or  the  defect  concentration 
which,  after  normalization  by  the  irradiation  dose,  4>t,  yields  the  introduction  rate  E  =  c/(f20t),  (£2  = 
atomic  volume).  If  we  assume  a  reasonable  value  for  Vy'®'  =  -0.5£2  we  obtain  an  introduction  rate  E 
=lcm'',  which  corresponds  to  an  average  displacement  threshold  of  40  eV  for  Si.  The  given  values 
should  be  considered  as  a  maximum  for  lV'®'l  and  a  minimum  for  E  (see  refs.[  8,6]  for  details). 

The  observation  of  more  than  lO'®  FPs/cm^  and  the  similarity  of  the  results  for  the  Cz  and  FZ 
wafers  clearly  show  that  these  defects  are  intrinsic  and  not  stabilized  by  impurities.  The  quantitative 
results  for  the  n-type  Si  agree  exactly  with  those  of  the  slightly  doped  samples  (see  fig.4  below), 
whereas  the  boron  doped  Si  shows  a  somewhat  higher  scattering  intensity  (fig.l).  As  the 
distribution  of  the  scattering  intensity  is  very  similar,  we  suppose  that  there  is  the  same  defect 
structure  in  all  samples  and  only  the  introduction  rate  of  the  stable  intrinsic  FPs  is  higher  in  p-type 
Si.  This  conclusion  is  supported  by  the  missing  change  of  the  lattice  parameter  in  all  types  of 
samples.  As  the  boron  atoms  yield  a  decrease  of  the  lattice  parameter  for  the  unirradiated  samples, 
we  might  expect  a  compensation  of  this  effect  along  with  the  reaction  of  mobile  irradiation  defects 
with  these  boron  atoms;  this  effect  is,  however,  only  observed  during  annealing  to  RT  (section  4). 
The  linear  increase  of  the  defect  concentration  with  no  indication  of  saturation  behavior  up  to  doses 
of  2-10'®  eVcm^  (fig.4)  might  simply  be  explained  by  the  continuous  production  of  immobile  FPs. 
This  observation  is  in  contrast  to  the  electrical  measurements  which  indicate  very  small  carrier 
removal  rates  for  n-type  Si  and  demonstrates  that  the  electrically  deduced  carrier  removal  rate  may 
reflect  only  a  small  percentage  of  the  irradiation-induced  defects  especially  in  n-type  Si.  Therefore 
one  of  the  main  arguments  for  the  assumption  of  an  athermal  interstitial  migration  is  no  longer 
valid. 

Nevertheless,  the  present  results  cannot  exclude  this  interstitial  mobility,  which  explains  the 
production  of  the  interstitial  group-in  dopants[l]  most  straightforwardly,  if  we  allow  for  special 
defect  interaction  potentials  [8].  Assuming  that  the  interstitials  can  escape  from  their  vacancy  by 
athermal  migration,  they  can  form  other  complexes,  however,  as  soon  as  all  extrinsic  traps  are 


506 


Defects  in  Semiconductors  -  tCDS-19 


saturated  the  vacancies  necessarily  become  the  dominant  traps  and  retrap  mobile  interstitials  [6, 8], 
This  means  that  there  must  be  a  binding  energy  for  the  FP  as  well  as  a  recombination  barrier  for  the 
FP.  In  addition  these  results  indicate  that  the  dissociation  and  recombination  probability  of  the  FPs 
as  well  as  the  interaction  of  the  athermally  migrating  interstitial  atoms  with  oxygen,  As,  and  B  are 
different  during  athermal  migration  at  4K  and  during  thermally  activated  migration  at  higher 
temperatures  as  discussed  below.  Such  behavior  can  be  explained  by  a  Coulomb  repulsion  in  the 
‘excited’  charge  state. 

4.  Defects  after  RT  annealing  and  after  RT  irradiations. 

During  irradiation  at  elevated  temperatures  we  expect  a  thermally  activated  defect  mobility  in 
addition  to  the  possible  athermal  interstitial  mobility.  Presently  available  data  indicate  very  similar 
values  for  the  activation  energy  for  vacancy  migration  (H’^v  varying,  dependent  on  the  charge  state, 
between  0.18  and  0.45  eV)  and  interstitial  migration  (H'^i  smaller  than  0.57eV  [1])  and  do  not  allow 
a  discrimination  by  selecting  different  irradiation  temperatures.  We  used  room  temperature 
irradiations  and  both  defects  must  be  considered  as  possibly  mobile[l]. 

Fig. 3  shows  examples  of  the  changes  of  the  distribution  of  the  scattered  intensity  Sh  as  compared  to 
the  result  of  a  4K  irradiation  and  of  a  subsequent  annealing  at  RT.  For  the  lightly  doped  Cz-Si  we 
observe  that  during  annealing  up  to  RT  about  50%  of  the  intensity  is  lost  and  that  the  scattering 
distribution  no  longer  indicates  close  pairs.  After  RT  irradiations  we  observe  a  very  similar  intensity 
distribution  as  after  annealing  up  to  RT;  hence  the  close  FPs  recombine  by  thermally  activated 
jumps.  Whereas  there  is  no  important  difference  between  Cz-  and  FZ-Si  for  the  4K  irradiations  and 
for  the  annealing  at  RT,  the  RT-  damage  rate  for  FZ-Si  is  lower  by  more  than  a  factor  of  three  than 
that  of  the  Cz-Si.  This  behavior  indicates  that  impurities  are  necessary  to  stabilize  the  defects  at  RT. 
Although  this  explanation  seems  straightforward  in  a  qualitative  sense,  the  observed  defect 
concentrations  for  the  Cz-Si  are  only  lower  by  a  factor  of  two  as  compared  to  the  4K  irradiations 
and  consequently  still  much  higher  than  the  number  of  traps.  In  order  to  explain  the  build-up  of 
these  high  densities  of  small  defects  we  might  speculate  about  a  kind  of  catalytic  reaction  of  the 
oxygen:  e.g.  the  formation  of  di-interstitials  close  to  oxygen  sites  and  later  on  the  possibly 
ionization-assisted  detrapping  of  interstitial  oxygen[8]. 
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Fig. 4:  Dose  dependence  of  the  average  of  the 
HDS  for  RT-irradiated  Si.  Differently  doped 
samples  are  indicated  by  different  symbols. 


Fig.  5:  Low  temperature  annealing  of  the 
electrical  resistivity,  of  the  HDS-intensity  and 
of  the  lattice  parameter  of  degenerate  Si(B) 
irradiated  with  2-10’^  e'/cm^  at  4K.  The  lattice 
parameter  change  is  normalized  at  its  largest 
value  after  annealing  at  RT. 


The  curves  for  the  degenerate  samples  differ  remarkably  from  those  of  the  undoped  samples.  For 
Si(As)  we  observe  a  strong  annealing  for  the  4K-irradiated  samples,  which  compares  to  the 
annealing  of  undoped  samples  at  lower  irradiation  doses[8].  This  faster  annealing  might  be 
explained  by  the  temporary  trapping  of  the  mobile  defect  by  the  dopants  which  keeps  the  defects  in 
high  dilution  and  thus  enhances  the  recombination  if  the  antidefect  becomes  mobile  too.  In  contrast 
to  this  we  observe  after  RT  irradiation  the  characteristics  of  the  scattering  from  defect  clusters  with 
a  rather  sharp  size  distribution,  a  good  indication  of  a  decay  at  small  q-values  and  a  sharp  decay 
(q"^)  at  larger  q  values.  The  transition  at  q/G  =  0.04  yields  a  small  cluster  radius  of  5A.  We  assume 
that  these  clusters  are  of  the  interstitial  type  as  vacancies  are  supposed  to  be  effectively  trapped  at 
As  dopants  [1,10].  This  defect  dopant  interaction  at  RT  is  also  supported  by  the  much  higher  carrier 
removal  rate  observed  [8]. 

The  B-doped  samples  show  qualitatively  a  similar  behavior  (fig. 3c),  however,  the  scattering 
intensity  after  RT-irradiation  indicates  a  broader  distribution  of  defect  sizes.  This  formation  of 
defect  clusters  in  the  doped  samples  also  yields  an  increase  of  the  total  diffuse  scattering  cross 
section,  which  contributes  to  the  high  values  of  Sh  shown  in  Figs. 3,4.  The  annealing  behavior  is 
shown  in  Fig. 5  in  more  detail.  We  observe  a  strong  annealing  of  the  HDS  and  only  small  changes  of 
the  electrical  resistivity,  which  agrees  well  with  the  similarity  of  the  carrier  removal  rates  at  4K  and 
RT  [9].  Most  remarkably  we  observe  an  increase  of  the  lattice  parameter  along  with  the  annealing 
of  the  HDS  and  a  similar  increase  is  also  observed  during  RT-irradiation.  This  observation  indicates 
that  interstitial  atoms  escaping  from  close  pair  recombination  react  with  B-atoms  essentially  only  at 
temperatures  above  =200K. 

Comparing  the  observations  after  4K  and  after  RT  irradiations  we  observe  some  general  trends 
which  can  straightforwardly  be  explained  without  the  assumption  of  an  athermal  migration  at  4K. 
(i)  At  4K  immobile  close  FPs  are  frozen  in  and  these  FPs  recombine  during  subsequent  annealing 
up  to  RT  to  a  large  part.  During  RT  irradiation  these  defects  can  recombine  immediately,  however, 
the  escape  probability  may  be  different,  (ii)  For  the  RT  irradiations  we  observe  a  strong  dependence 
of  the  damage  rate  on  the  sample  purity  (Figs.3,4).  Qualitatively  this  increased  diffuse  intensity  for 
the  doped  samples  is  expected  due  to  the  increased  number  of  traps.  However,  the  quantitative 
details  are  puzzling:  e.g.  there  is  increased  cluster  growth  for  the  degenerate  samples  although  there 
are  more  doping  atoms  than  defects.  We  tentatively  attribute  this  enhanced  cluster  growth  to  the 
much  shorter  screening  length  of  the  Coulomb  repulsion  between  defects  of  the  same  kind. 
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If  we  allow  for  an  athermal  mobility  at  4K  the  observed  differences  between  the  two  irradiation 
temperatures  indicate  different  defect  interactions  for  the  different  jump  modes:  during  athermal 
migration  the  interstitials  seem  to  surpass  the  recombination  threshold  only  rarely,  but  with 
additional  thermal  activation  the  probabilities  for  recombination  or  escape  become  comparable. 
Such  differences  in  the  escape  probabilities  between  thermally  activated  reactions  and  ionization- 
assisted  reactions  might  be  explained  by  a  Coulomb  repulsion  in  the  ‘excited  ’  charge  state  [8]. 

5.  Summary  and  Conclusions. 

We  have  shown  that  in  Si  a  high  concentration  of  intrinsic  FPs  can  be  frozen  in  which  is  quite 
independent  of  the  sample  purity  and  the  position  of  the  Fermi  level.  Some  basic  defect  properties 
may  be  summarized: 

(i)  The  XRD  results  show  that  the  displacement  fields  of  interstitial  atoms  and  vacancies  in  Si 

cancel  nearly  exactly  i.e.:  Vi'^'  =  -  =  0.5  at.  volumes. 

(ii)  The  total  introduction  rate  is  in  the  orderof  S  =  lcm'‘  for  2.5MeV  electrons  and  corresponds  to 
an  effective  threshold  energy  for  the  defect  production  of  ~  40eV.  This  high  introduction  rate 
indicates  that  many  electrical  methods  observe  only  a  small  percentage  of  the  defects  introduced  at 
low  temperatures.  Hence,  one  of  the  arguments  for  a  high  athermal  mobility  of  the  interstitial  atom 
in  silicon  is  no  longer  valid.  However,  the  present  results  cannot  directly  exclude  athermal 
migration  and  we  discussed  some  assumptions  on  the  defect  interaction  which  seem  necessary  to 
allow  for  an  athermal  migration  during  4K  irradiation. 

(iii)  Thermally  activated  defect  reactions  up  to  room  temperature  are  dominated  by  the 
recombination  of  FPs,  however,  the  escape  probability  seems  to  depend  on  the  type  and 
concentration  of  the  available  extrinsic  and/or  intrinsic  traps. 

(iv)  During  RT  irradiations  defects  survive  essentially  due  to  trapping  reactions  at  solute  atoms  and 
we  observe  large  differences  between  FZ-  and  Cz-Si.  The  observed  defect  agglomeration  in  the 
highly  doped  Si  indicates  the  importance  of  screening  the  Coulomb  repulsion  during  clustering 
reactions  of  similar  defects  in  degenerate  samples. 
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Abstract.  We  have  calculated  the  lowest-energy  configurations,  stability,  and  electronic 
structures  of  vacancy  aggregates  (Vn)  containing  up  to  n— 7  vacancies.  The  calculations 
were  done  using  first-principles  tight-binding  molecular-dynamics  simulations  (in  periodic 
supercells)  and  at  (and  near)  the  ab-initio  Hartree-Fock  level  (in  molecular  clusters).  The 
results  show  that  the  reaction  Vn-i  -f  Vi  — >■  Vn  is  exothermic  at  least  up  to  n=7.  The  most 
stable  aggregate,  by  far,  is  the  ring-hexavacancy  (Ve)  which  has  remarkable  properties.  In 
contrast  to  the  other  V„’s,  it  is  not  vacancy-like:  It  has  no  deep  level  in  the  gap  and  its  dipole 
moment  is  extremely  small.  It  is  sufficiently  stable  to  survive  high-temperature  annealing. 
Ve  is  a  small  trigonal  void  which  is  likely  to  be  a  gettering  center  and  is  a  plausible  nucleus 
for  a  range  of  extended  defects. 

I.  Introduction. 

Vacancies  and  self-interstitials  are  the  two  basic  intrinsic  defects  in  silicon.  [1-3]  Vacancies 
are  better  understood  than  self- interstitials.  [3]  The  isolated  vacancy  and  a  number  of  com¬ 
plexes  containing  vacancies  have  been  observed  experimentally  and  studied  theoretically.  In 
particular,  the  neutral  monovacancy  distorts  from  tetrahedral  to  tetragonal  symmetry,  and 
reconstructs  by  forming  two  long  bonds  (see  [4]  and  refs,  therein).  Reconstruction  (rebond¬ 
ing)  takes  place  in  other  clusters  of  vacancies  as  well.  How  efficiently  the  crystal  reconstructs 
around  such  a  defect  affects  its  stability  and  electronic  properties. 

While  the  equilibrium  concentration  of  vacancies  in  Si  is  low,  [5]  above-equilibrium  concentra¬ 
tions  are  (believed  to  be)  generated  during  a  variety  of  processes  such  as  ion  implantation, 
electron  or  neutron  irradiation,  ion-beam  milling,  wet  and  dry  etching, [6]  laser  annealing, 
deposition  of  A1  back  contacts,  or  exposure  to  various  plasmas. 

Vacancies  are  rapid  diffusers,  with  activation  energies[3]  of  0.45  eV  for  V°,  0.32  eV  for  V++, 
and  0.18  eV  for  V  .  A  recent  molecular  dynamics  (MD)  study [7]  shows  that  at  high 
temperatures,  V°  hops  in  very  short  times.  Vacancies  interact  with  impurities  and  with  each 
other.  Divacancies  diffuse[8]  above  ~  250  °C  with  an  activation  energy  of  about  1.3  eV. 
Positron  annihilation  spectroscopy[9,10]  shows  that  a  wide  range  of  vacancy  aggregates  exist 
in  irradiated  silicon. 

In  the  present  paper, [11]  we  report  the  results  of  theoretical  studies  of  (neutral)  vacancy 
aggregates  (up  to  7)  in  Si.  The  methodology  is  discussed  in  Sec.  II,  the  results  in  Sec.  Ill, 
and  Sec.  IV  contains  a  summary  and  speculations. 

II.  Methodology. 

Two  approaches  were  used:  Density-functional-based  MD  simulations,  and  Hartree-Fock  (HF) 
theory.  The  configurations,  energetics,  and  electronic  structures  calculated  at  both  levels 
have  been  compared  and  the  results  below  are  (at  least  qualitatively)  independent  of  the 
methodology  used  and  the  way  the  host  crystal  is  described. 
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The  MD  simulations  were  performed  with  the  first-principles  tight-binding  method  of  Sankey 
et  aZ.[12,13].  The  host  crystal  is  represented  by  periodic  supercells  with  64  —  n  atoms,  where 
n  =  1, . . . ,  7  is  the  number  of  vacancies.  Most  calculations  were  done  with  the  Harris  energy 
functional,  but  a  few  self-consistent  runs  were  performed  to  confirm  the  key  results.  The  time 
step  was  fixed  at  2  /s. 

The  HF  calculations  were  done  with  the  approximate  ab-initio  HF  method  of  partial  retention 
of  diatomic  differential  overlap  (PRDDO/M).[14]  It  uses  minimal  basis  sets  and  provides 
approximate  energetics  and  electronic  structures,  but  predicts  reliable  geometries.  We  used 
the  PRDDO/M  geometries  for  single-point  ab-initio  HF[15]  calculations,  with  Hay-Wadt 
pseudopotentials[16]  and  split-valence  polarized  basis  sets.  All  the  HF  calculations  were  done 
in  H-saturated  molecular  clusters  containing  38  —  n  host  atoms.  [17] 

We  first  used  MD  simulations  to  find  the  configurations  of  aggregates  of  n- vacancies,  Vn, 
with  n  =  1,  •  •  • ,  6.  We  removed  symmetrically  inequivalent  sets  of  n  atoms  from  the  supercell 
and  quenched.  The  simulated  quenching  procedure  forces  the  convergence  toward  a  local 
minimum  of  the  potential  energy  and  guarantees  that  all  the  lattice  relaxations  and  distor¬ 
tions  are  included.  The  results  allow  a  comparison  of  the  relaxed  structures  and  energies  of 
inequivalent  Vn  complexes. 

Then,  the  lowest-energy  structures  of  the  Vn’s  were  re-optimized  using  gradient  techniques 
with  the  PRDDO/M  method.  Because  of  the  large  number  of  degrees  of  freedom,  only  the 
nearest-neighbors  (NNs)  to  the  various  vacancy  aggregates  were  allowed  to  relax,  but  with  no 
symmetry  constraints.  These  geometries  were  used  as  inputs  for  the  ab-initio  HF  calculations. 


III.  Results. 

The  formation  energy  of  the  vacancy  at  the  MD  level  is  4.15  eV,  close  to  that  of  other 
authors. [18-20]  The  reconstruction  and  properties  of  Vi  were  discussed  elsewhere.  [4,7] 

The  lowest-energy  configurations  of  the  Vn ’s,  with  n  =  1 , . . . ,  6  correspond  to  Si  atoms 
successively  removed  from  a  hexagonal  ring  in  the  crystal.  Figure  1  shows  the  energy  gained 
by  adding  Vi  to  the  most  stable  aggregate  Vn-i-  This  energy  difference  AEn  =  {En  +  Eq}  - 
{En-i  d-Ei}  is  minus  the  dissociation  energy  of  Vn  into  Vn-i  -|- Vj.  The  open  circle  is  minus 
the  experimental  binding  energy [8]  of  the  divacancy.  We  obtained  V7  by  removing  a  Si  atom 
adjacent  to  the  lowest-energy  configuration  of  Ve  and  quenching.  The  various  inequivalent 
ways  of  doing  this  lead  to  similar  energies. 

The  MD  calculations  predict  the  following  dissociation  energies.  V2  — t  Vi  -f  Vi  costs  1.69  eV 
and  V3  — >  V2  -f  Vi  costs  2.08  eV.  V4  -i-  V3  -f-  Vi  and  V4  — t  V2  -b  V2  cost  1.92  and  2.31  eV, 
respectively.  V5  V4  -|-  Vi  and  V5  ^  V3  -f-  V2  cost  3.05  and  3.28  eV,  respectively. 
Ve  -4  V5  -t- Vi,  Ve  -t  V4  -b  V2,  and  Ve  -t  V3  -bVs  cost  3.76,  5.12,  and  4.96  eV,  respectively. 
Finally,  V7  Ve  -b  Vi  costs  only  about  1.3  eV.  Thus,  up  to  n=6,  the  lowest  dissociation 
energy  of  Vn  increases  with  n  and  occurs  for  the  dissociation  Vn  -^Vn-i-bVi.  However,  the 
dissociation  energy  of  V7  is  less  than  that  of  V2. 

While  V4  and  V5  have  metastable  configurations  close  in  energy  to  the  stable  one,  the  con¬ 
figurations  of  Ve  which  are  not  the  ring  are  much  higher  in  energy  (the  lowest  one  is  0.87  eV 
above  the  ring).  High-temperature  MD  runs  suggest  that  the  metastable  states  of  Ve  quickly 
collapse  into  the  ring  configuration.  We  believe  that  hexavacancies  other  than  the  ring  are  not 
realized  in  appreciable  concentrations.  Vg  is  a  trigonal  ellipsoid-shaped  void,  with  diameter 
7.8  A  (internuclear  distance  across  the  defect)  and  height  4.4  A  (distance  between  the  planes 
of  NNs  to  Ve  perpendicular  to  the  trigonal  axis). 

The  plot  of  AEn  shows  that  Ve  is  by  far  the  most  stable  of  the  small  vacancy  aggregates. 
This  result  confirms  a  prediction  by  Chadi  and  Chang[21]  (see  also  Ref.  [22]). 
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FIGURE  1:  Energy  gained  by  adding  Vi  to  the  lowest-energy  Vn-i  calculated  at  the  MD 
level.  The  circle  shows  the  dissociation  energy  of  the  divacancy.[l] 


Ve  is  very  stable  because  the  crystal  reconstructs  almost  perfectly  around  it.  As  a  result,  the 
dangling-bond-like  features  normally  associated  with  vacancies  are  lacking.  This  is  visible 
when  plotting  the  energy  eigenvalues  of  the  various  aggregates.  We  are  well  aware  of  the 
dangers  associated  with  predicting  energy  levels  in  the  gap  on  the  basis  of  either  HF  or  DF 
calculations.  However,  comparisons  and  trends  are  meaningful,  especially  when  qualitatively 
identical  features  are  predicted  by  different  methodologies. 


FIGURE  2:  Energy  eigenvalues  near  the  gap  calculated  at  the  ab-initio  HF  level  for  the 
perfect  cluster  (Vq)  and  the  most  stable  Vn  aggregates. 
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Figure  2  shows  the  energy  eigenvalues  calculated  at  the  ab-initio  HF  level.  While  the  Vn^e  ah 
have  deep  levels  in  the  gap,  Ve  has  none,  and  shows  only  some  band-tailing  (unoccupied  levels) 
from  the  conduction  band  into  the  gap.  The  details  depend  of  course  on  the  methodology 
and  the  basis  set.  In  particular,  the  band  tailing  is  more  pronounced  in  the  MD  than  the 
HF  eigenvalues.  However,  both  methods  agree  that  Ve  is  not  vacancy-like  and  should  not  be 
an  efficient  electron-hole  recombination  center.  It  should  not  be  visible  by  DLTS  or  produce 
sharp  photoluminescence  (PL)  lines. 

The  dipole  moments  (in  a.u.’s)  of  the  Vn’s  calculated  at  the  HF  level  are  as  follows;  0.00 
when  no  vacancy  is  present,  0.09  for  Vi,  0.22  for  V2,  3.03  for  V3,  0.19  for  V4,  0.26  for  V5,  0.01 
for  Ve,  and  1.67  for  V7.  The  dipole  moment  associated  with  Ve  is  exceedingly  small.  The 
intensity  of  the  signal  in  infra-red  absorption  spectroscopy  (FTIR)  depends  on  how  much  the 
dipole  moment  varies[23]  rather  than  on  its  absolute  magnitude.  Since  small  oscillations  of 
Ve  should  not  affect  the  reconstruction,  we  expect  the  dipole  moment  to  remain  small.  Ve 
should  be  essentially  invisible  to  FTIR  spectroscopy. 

Note  that  there  could  be  Raman-active  modes,  visible  if  they  are  not  degenerate  with  host 
atom  vibrations  and  if  high-enough  concentrations  of  Ve  can  be  generated.  We  did  not 
investigate  the  vibrational  modes  of  Ve  at  this  time.  We  estimate  that  much  larger  supercells 
will  have  to  be  used  in  order  to  obtain  reliable  vibrational  properties.  Such  studies  are  being 
planned  at  this  time. 

IV.  Discussion. 

Our  key  results  can  be  summarized  as  follows.  Vacancies  in  Si  attract  each  other  and  form 
aggregates.  Up  to  n=7,  the  most  stable  one  is  the  ring- hex avacancy,  Ve,  which  should  survive 
any  high-temperature  treatment.  This  defect  is  not  vacancy-like:  it  has  no  deep  levels  in  the 
gap  and  should  not  be  an  electron-hole  recombination  center.  Further,  it  should  be  invisible 
to  DLTS  and  FTIR,  and  produce  no  sharp  PL  feature.  However,  it  could  be  Raman-active. 

Ve  is  a  large,  trigonal,  planar  void  in  the  crystal.  It  should  be  a  gettering  center  for  a  range  of 
impurities  (such  as  H,  O,  or  transition  metals).  Further,  it  could  be  the  nucleus  or  precursor 
to  a  range  of  extended  defects. 

There  is  no  direct  experimental  evidence  for  the  existence  of  Ve.  However,  there  is  exper¬ 
imental  evidence  that  invisible  defects  remain  in  processed  samples  after  high  temperature 
anneals,  and  the  properties  of  a  sample  often  depend  on  its  history.  A  few  examples  follow. 

Neutron-transmutation  doping  results  in  extensive  radiation  damage.  This  damage  becomes 
electrically  and  optically  invisible  following  850  -  1, 000  anneals.  However,  if  the  annealed 
material  is  exposed  to  atomic  H,  shallow  donors  appear. [24]  Vg  should  survive  the  anneal, 
and  could  be  activated  by  H.  The  properties  of  {V6,Hn}  complexes  are  under  investigation. 

The  low-energy  implantation  of  noble-gas  (NG)  ions  into  Si,  followed  by  a  brief  anneal  around 
250°C,  gives  rise  to  characteristic  PL  bands.[25]  These  defects  have  recently  been  assigned[26] 
to  {NG,  V2}  complexes.  Further  anneals  at  450  °C  lead  to  the  disappearance  of  the  sharp 
spectra,  which  are  replaced  by  a  broad  PL,  independent  of  the  NG.  A  possible  explanation 
is  that  the  complex  binds  more  vacancies  leading  to  the  formation  of  {NG,V6}  complexes. 
The  free  volume  in  Vg  is  sufficiently  larger  than  the  atomic  radius  of  the  impurity  that  a 
NG-independent  broad  PL  could  result. 

The  exposure  of  crystalline  Si  to  a  remote  H  (or  D)  plasma  may  result  in  the  formation 
of  huge,  disk-shaped  defects  known  as  platelets.  [27-29]  They  are  trigonal  and  planar.  They 
appear  to  have  a  nucleation  and  a  growth  stage.  [28]  A  defect  such  as  Vg,  which  itself  is 
trigonal  and  planar,  is  a  plausible  nucleus  or  precursor  for  platelets. 
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The  Ve  defect  resembles  small  prismatic  dislocations  such  as  those  nucleated  by  vacancy 
condensation.  [30]  Although  it  is  not  clear  how  one  goes  from  an  isolated  Ve  to  an  extended 
structure,  the  MD  calculations  show  that  Ve  could  trap  more  vacancies. 

Raman  studies[31]  of  ion-implanted  Si  have  shown  that  an  unidentified  line  near  90  cm  ^ 
intensifies  as  the  implantation  dose  increases.  The  properties  of  the  spectrum  are  consistent 
with  this  line  being  caused  by  a  defect  cluster  with  a  size  of  the  order  of  10  A. 

Note  that  we  do  not  claim  that  Ve  is  related  to  all  these  observations.  However,  we  do  suggest 
that  it  combines  the  properties  needed  to  explain  the  experimental  data.  Ve  may  well  be  a 
fundament,  long-overlooked,  defect  in  Si. 
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Abstract 

Floatzone  grown  silicon  crystals  have  been  implanted  with  protons  or  deuterons.  Electron 
Paramagnetic  Resonance  (EPR)  spectra  show  the  presence  of  a  strongly  temperature  dependent 
signal  in  addition  to  the  well-known  SI  signal.  The  temperature  dependent  signal  displays 
monoclinic-I  symmetry  below  65  K  and  trigonal  symmetry  above  110  K.  The  g-  and  ^^Si  hyperfine 
tensors  are  characteristic  of  defects  with  the  unpaired  electron  confined  mostly  to  a  dangling  bond 
orbital  in  a  vacancy-type  defect.  The  signal  shows  splittings  arising  from  the  hyperfine  interaction 
with  a  single  proton.  On  this  basis,  and  from  the  close  similarity  with  the  familiar  VP”  signal  (the  E- 
center),  we  conclude  that  the  signal  originates  from  VH®,  the  neutral  charge  state  of  the  silicon 
monovacancy  containing  a  single  hydrogen  atom. 

Introduction 

The  continued  search  for  the  detailed  structures  of  hydrogen-related  point  defects  in  crystalline 
silicon  is  essential  to  our  understanding  of  how  hydrogen  modifies  the  electronic  and  optical 
properties  of  silicon.  Furthermore,  experimentally  determined  structures  of  such  defects  constitute  an 
excellent  testing  ground  for  ab  initio  calculations.  Although  the  properties  of  hydrogen  in  silicon 
have  been  intensively  studied  during  the  past  decade  [1],  few  defect  structures  involving  hydrogen 
have  been  established  [2,  3,  4,  5].  The  present  work  offers  the  identification  of  a  fundamental 
hydrogen-related  point  defect  in  silicon,  the  existence  of  which  has  been  expected  for  more  than  a 
decade. 

In  molecular  compounds,  such  as  SiH4,  hydrogen  and  silicon  form  strong  covalent  bonds. 
Therefore,  any  defect  that  may  form  such  bonds  constitutes  a  deep  trap  for  hydrogen.  The 
monovacancy  is  such  a  structure.  Bech  Nielsen  et  al.  [5]  found  direct  evidence  of  this  in  a  study  of 
the  local  vibrational  modes  of  point  defects  in  proton-implanted  silicon  by  FTIR  (Fourier  Transform 
InfraRed)  spectroscopy.  They  identified  the  Si-H  stretch  modes  of  VH2,  VH3  and  VH4,  that  is, 
monovacancies  binding  two,  three  and  four  hydrogen  atoms,  respectively.  Thus  the  existence  of 
vacancy-hydrogen  complexes  in  silicon  has  been  established,  but  the  electronic  properties  of  these 
defects  remain  to  be  determined  experimentally.  Furthermore,  VH,  the  simplest  member  of  this  series 
of  defects,  has  not  yet  been  identified. 

The  expected  structure  of  VH®,  the  EPR-active  neutral  charge  state  of  VH,  may  be  deduced 
from  a  simple  LCAO  picture:  Introducing  a  vacancy  in  the  silicon  lattice  creates  four  free  sp^ 
hybridized  silicon  orbitals,  one  of  which  forms  a  strong  covalent  bond  with  the  hydrogen  atom.  The 
one-electron  energies  of  the  bonding  and  antibonding  combinations  of  the  silicon  orbital  and  the 
hydrogen  Is  orbital  lie  well  below  the  top  of  the  valence  band  and  well  above  the  edge  of  the 
conduction  band,  respectively.  This  is  due  to  the  large  ionization  potential  of  hydrogen  and  to  the 
strong  overlap  of  the  two  orbitals.  The  presence  of  the  hydrogen  atom  changes  the  symmetry  of  the 
unrelaxed  vacancy  from  Ta  to  Csv.  The  remaining  three  silicon  orbitals  form  a  bonding  combination 
belonging  to  the  symmetric  representation  A  with  energy  well  below  the  top  of  the  valence  band  and 
a  pair  of  degenerate  combinations  belonging  to  the  representation  E  with  energy  within  the  band  gap. 
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In  the  neutral  charge  state  of  VH  the  E  level  is  singly 
occupied  leading  to  a  Jahn-Teller  distortion  from  Ca,  to  Cjh 
symmetry.  Hence  two  of  the  silicon  orbitals  are  expected  to 
combine,  forming  a  reconstmcted  bond,  while  the  remaining 
silicon  orbital  is  left  as  a  singly  occupied  dangling  bond  that 
contains  most  of  the  unpaired  electron  spin  density. 

According  to  this  description,  VH®  should  have  monoclinic- 
I  symmetry  with  the  dangling  bond  and  the  Si-H  bond 
pointing  almost  in  (1 1 1)  directions  in  a  {110}  mirror  plane. 

This  structure,  depicted  in  Fig.  1,  is  consistent  with  the 
results  of  ab  initio  calculations  [6,  7]. 

Since  the  structure  sketched  above  corresponds  closely 
to  that  of  VP®  (the  E-center)  [8],  in  which  a  substitutional 
phosphorus  atom  is  located  next  to  a  monovacancy,  it  may 
be  expected  that  the  electronic  properties  of  VH®  resemble 
those  of  VP®. 

In  this  paper  we  report  the  identification  of  VH®  in  bond  and  the  dangling  bond  in  the 
proton-implanted  silicon.  The  observed  properties,  {110}  mirror  plane,  and  the 
including  the  electron  spin  distribution,  the  hydrogen  reconstructed  bond  perpendicular  to 
hyperfine  interaction  and  a  thermally  activated  change  of  the  the  plane, 
effective  symmetry,  all  corroborate  the  model  of  VH®  and 
testify  to  the  close  similarity  with  VP®. 

Experimental 

The  samples  were  n-type  (resistivity:  600  Qcm)  silicon  crystals  grown  by  the  floatzone  technique. 
The  concentration  of  phosphorus  was  ~9xl0'^  cm^,  while  the  concentration  of  other  impurities, 
mainly  oxygen  and  carbon,  was  below  3xl0'*  cm^.  Slabs  measuring  1x3x4  mm  were  cut  with  the 
large  faces  perpendicular  to  a  {110}  plane.  After  polishing,  both  large  faces  were  implanted  with 
protons  (or  deuterons)  at  56  (or  38)  successive  energies  in  the  range  from  5.3  to  10.5  MeV  (or  5.0 
to  10.6  MeV).  The  dose  implanted  at  each  energy  was  calculated  to  ensure  a  uniform  distribution  of 
hydrogen  throughout  the  sample  corresponding  to  a  concentration  of  -4x10  cm  .  During  the 
implantation,  the  sample  temperature  was  kept  below  120  K.  The  samples  were  subsequently 
warmed  to  room  temperature  and  etched  in  nitric  and  hydrofluoric  acid  to  remove  surface  defects 
that  might  be  EPR  active. 

The  experimental  setup  consists  of  a  Bruker  ESP300E  spectrometer  operating  in  absorption 
mode  at  X  band  (-9  GHz)  and  Q  band  (-34  GHz).  EPR  spectra  were  recorded  at  5°  intervals  in  the 
(110)  plane.  The  static  magnetic  field  Bo  was  monitored  with  a  resolution  of  1  pT  with  a  Bruker  ER- 
035  NMR  gaussmeter.  Resolution  enhancement  by  third  harmonic  detection  {9,  10]  was  employed: 
The  magnetic  field  was  modulated  at  33  kHz  with  a  small  admixture  of  100  kHz,  and  the  EPR  signal 
was  lock-in  detected  at  100  kHz.  By  adjusting  the  amplitudes  of  the  33  and  100  kHz  modulations 
correctly,  a  decrease  in  linewidth  of  —30  %  could  be  obtained  without  introducing  spurious  lines.  The 
sample  was  placed  in  a  liquid  helium  cryostat  allowing  its  temperature  to  be  controlled  in  the  range 
from  10  K  to  300  K.  Isochronal  (20  minutes)  annealing  of  the  samples  was  done  in  steps  of  15°C 
with  a  controlled  flow  of  heated  nitrogen  gas. 

Results 

In  addition  to  the  SI  signal,  previously  observed  in  EPR  spectra  of  proton-implanted  silicon  crystals 
[11],  our  EPR  spectra  contain  a  new,  strongly  temperature  dependent  signal  which  we  label  vh  , 
anticipating  the  identification  with  the  VH®  defect  made  below.  The  spectrum  of  the  deuterium 
implanted  sample  Si:D  recorded  with  Bo  ||  [1 1 1]  at  different  measurement  temperatures  is  shown  in 


Figure  1 .  The  model  of  VH®  showing 
the  vacancy  in  the  center,  the  Si-H 
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Fig.  2.  At  the  microwave  power  employed,  the  SI  signal  becomes  partially  saturated  below  85  K, 
which  makes  it  possible  to  separate  out  the  vh®  signal.  At  45  K,  vh°  consists  of  the  three  lines  A,  B 
and  C  (line  A  almost  coincide  with  one  of  the  lines  of  SI).  As  the  temperature  is  raised,  A  and  B 
begin  to  broaden  and  finally  disappear  at  85  K,  while  C  persists.  Above  110  K  a  new  line  AB 
emerges  at  a  position  dividing  the  distance  from  4  to  B  in  the  ratio  1:2.  It  attains  a  maximum  in 
intensity  (and  a  minimum  in  linewidth)  at  145  K.  At  higher  temperatures  both  C  and  AB  broaden, 
becoming  undetectable  at  room  temperature.  An  isochronal  annealing  study  confirmed  that  A,  B,  C 
and  AB  originate  from  the  same  defect,  which  anneals  out  at  -480  K. 


Spin-Hamiltonian  terms 

VH® 

VP" 

X 

2.0090 

2.0096 

Y 

2.0114 

2.0112 

6 

Z 

2.0006 

2.0005 

(±  0.0001) 

e 

32.4° 

32° 

AC^Si) 

X 

-275 

-295 

Y 

-275 

-295 

(MHz) 

z 

-435 

-450 

(±  1  MHz) 

e 

35.3° 

35.3° 

A" 

X 

-3.3 

(MHz) 

Y 

z 

-4.6 

8.5 

(±  0.3  MHz) 

6 

8° 

Table  I.  The  spin  Hamiltonian  parameters  for  vh 


Magnetic  Field  (mT) 


at  45  K  and  for  VP  [8].  The  principal  axis  Y  is  pjgy^g  2.  Spectra  of  Si:D  recorded  at  different 
parallel  to  the  [ UO ]  axis,  while  X  and  Z  span  the  sajnpje  temperatures  with  Bo  along  [111]  and  at 
(lIO)  plane,  Z  making  the  angle  0  with  the  [110]  34.778  gHz.  The  lines  4,  B,  C  and  4B  belong 


axis.  The  quoted  uncertainties  pertain  to  vh®.  to  the  signal  vh®. 


The  temperature  dependence  of  vh®  in  the  region  45-145  K  suggests  that  the  corresponding 
defect  undergoes  a  thermally  induced  symmetry  change.  This  is  confirmed  by  the  angular  variation  of 
vh®  in  the  (110)  plane  for  Si:D,  which  is  shown  in  Fig.  3:  The  g  tensor  shows  monoelinic-I  symmetry 
at  45  K  (open  circles)  and  trigonal  symmetry  at  145  K  (filled  circles). 

Direct  evidence  of  the  incorporation  of  hydrogen  in  the  defect  responsible  for  vh®  is  obtained  by 
a  comparison  of  the  spectra  of  Si:H  and  Si:D:  Fig.  4  shows  corresponding  spectra  recorded  at  45  K 
with  Bo  II  [1 10];  the  four  lines  belonging  to  vh®  in  Si:D  are  labelled  by  D  through  G.  The  lines  D  and 
G  appear  as  doublets  in  Si:H,  whereas  the  lines  E  and  F  appear  at  the  same  positions  in  Si:D  and 
Si:H.  The  doublet  splittings  in  Si:H  reveal  the  involvement  of  a  single  hydrogen  atom  in  the  defect, 
while  the  absence  of  resolved  splittings  of  E  and  F  indicates  that  the  hyperfme  interaction  is  strongly 
anisotropic.  The  spectra  may  be  represented  in  terms  of  the  spin  Hamiltonian 

SgB,  -g^p„I  B„+SA«I 

where  is  the  g  value  of  the  proton,  and  P  and  P„  are  the  Bohr-  and  nuclear  magneton, 
respectively.  The  principal  values  of  g  and  A",  describing  the  hyperfme  interaction  with  the 

hydrogen  nucleus,  are  listed  in  Table  I,  and  simulations  of  the  signals  for  Bo  ||  [1 10]  calculated  from 
these  parameters  are  shown  in  Fig.  4  as  dashed  curves.  The  nuclear  Zeeman  energy  of  the  proton  at 
the  magnetic  fields  employed  is  much  larger  than  the  proton  hyperfme  interaction,  implying  that  the 
splittings  observed  between  the  principal  directions  of  A"  depend  strongly  on  the  relative  signs  of 
the  principal  values.  Hence  these  signs  could  be  determined  unambigously.  The  deuteron  hyperfme 
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splittings  calculated  from  the  observed  proton  splittings  are  smaller  than  the  linewidth  for  aU 
orientations  of  Bo  in  accordance  with  the  absence  of  resolved  splittings  in  the  signal  observed  in 
Si:D. 

In  the  spectra  recorded  below  65  K  of  both  Si;D  and  Si:H,  we  observe  a  pair  of  weak  satellites 
belonging  to  each  of  the  main  lines.  The  relative  intensitiy  of  each  pair  of  satellites  is  ~2  %,  and  the 
splitting  between  a  pair  of  satellites  is  independent  of  the  microwave  frequency.  We  therefore  ascribe 
these  satellites  to  the  hyperfine  interaction  with  the  ^’Si  nucleus  of  one  nearby  silicon  atom.  The 
corresponding  hyperfine  tensor  has  trigonal  symmetry  (Table  I).  Hyperfine  interactions  with  other 
silicon  nuclei  in  the  vicinity  of  the  defect  were  not  resolved. 


[001]  [111]  [110] 

1239 


1237 

B(mT) 

1235 


1233 

Field  Direction  (degrees)  Nfagnetic  Reid  (rril) 

Figure  3.  The  angular  dependence  of  vh*’  in  the  Figure  4.  Spectra  (solid  curves)  of  Si:D  and 

(110)  plane  at  34.710  GHz  for  Si:D.  The  open  and  Si:H  recorded  at  45  K  and  34.777  GHz  with  Bo 
filled  circles  indicate  measurements  at  45  K  and  along  [110].  The  labelled  lines  belong  to  vh**. 
145  K,  respectively.  The  solid  curves  are  The  dashed  curves  represent  simulations  based 
calculated  from  the  g  tensor  in  Table  I,  and  the  on  the  parameters  in  Table  I. 

dashed  curves  are  calculated  from  the  motional 
average  of  this  tensor  (see  text).  Labels  at  Bo  || 

[111]  refer  to  Fig.  2,  while  labels  at  Bo  ||  [110] 
refer  to  Fig.  4. 

Analysis  and  discussion 

The  g  tensor  representing  the  low  temperature  form  of  vh°  has  monoclinic-I  symmetry  and  is  nearly 
axial  (gx  =  gv)  vvith  its  unique  axis  Z  deviating  only  3°  from  the  [111]  axis  (Table  I).  According  to 
the  classification  scheme  of  Lee  and  Corbett  [12],  such  a  g  tensor  is  typical  for  centers  in  which  the 
unpaired  electron  is  largely  confined  to  a  dangling  bond  orbital  in  a  vacancy-type  defect.  A  simple 
LCAO  analysis  of  the  observed  hyperfine  interaction  with  a  single  ^®Si  nucleus  suggests  that  54  %  of 
the  electron  spin  is  located  on  the  silicon  atom  in  an  orbital  with  13  %  s-character  and  87  %  p- 
character.  These  values  are  typical  for  dangling  bonds  around  vacancies  [12].  From  Table  I  it  can  be 
seen  that  g  and  AC’Si)  of  vh°  closely  resemble  the  corresponding  parameters  of  VP®.  This 
indicates  that  the  structure  and  distribution  of  electronic  spin  of  the  defect  associated  with  the  vh'’ 
signal  are  veiy  similar  to  those  of  VP®. 
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Combining  this  result  with  the  observation  of  a  hyperfme  interaction  with  one  proton,  we  may 
conclude  that  the  defect  consists  of  one  or  several  vacancies  binding  a  single  hydrogen  atom.  The 
number  of  vacancies  involved  may  be  inferred  from  the  magnitude  of  the  proton  hyperfine 
interaction:  We  note  that  the  isotropic  hyperfme  constant  a  =  V3  (Ax  +  Ay  +  Az)  is  only  0.2  MHz 
(Table  I)  indicating  a  negligible  spin  density  at  the  proton.  We  may  therefore  ascribe  the  observed 
anisotropic  hyperfine  splitting  to  the  dipolar  interaction  of  the  proton  spin  with  the  electron  spin 
confined  essentially  to  the  dangling  bond  orbital.  Within  the  point  dipole  approximation,  the  distance 
R  between  the  proton  and  the  silicon  atom  carrying  the  dangling  bond  may  be  estimated  from  the 
expression  b  =  R~^  with  b  =  'k{2hz-  Ax  -  Ay)  =  4.1  MHz  (Table  I).  The  result  is  R  =  2.7 

A,  in  excellent  agreement  with  the  value  of  2.8  A  calculated  from  the  unrelaxed  geometry  of  VH° 
with  the  1.5  A  Si-H  bond  pointing  exactly  in  a  (111)  direction.  A  similar  calculation  for  the 
unrelaxed  geometry  of  the  divacancy  binding  a  single  hydrogen  atom  (V2H‘’)  yields  R  =  4.7  A.  These 
values  strongly  indicate  that  vh'’  originates  from  VH®  rather  than  from  VaH®.  Scaling  R  with  the  ratio 
of  the  lattice  constants  of  diamond  and  silicon  yields  R  =  1.8  A  for  VH®  in  diamond,  in  accordance 
with  the  value  of  1.9  A  derived  for  the  HI  defect  in  diamond  [13],  the  stmcture  of  which  is  believed 
to  resemble  that  of  VH®. 

The  identification  of  the  defect  responsible  for  vh®  with  the  neutral  charge  state  of  the  silicon 
monovacancy  containing  a  single  hydrogen  atom  gains  additional  support  from  the  observed 
transition  from  monoclinic-I  to  trigonal  symmetry.  This  transition  is  very  similar  to  that  described  by 
Watkins  and  Corbett  for  the  E-center  (VP®)  [8].  It  may  be  explained  as  the  result  of  a  thermally 
induced  reorientation  of  the  VH®  defect  among  three  equivalent  orientations  that  have  the  hydrogen 
atom  bound  to  the  same  silicon  atom.  The  12  equivalent  orientations  of  VH®  can  be  grouped  in  four 
sets  each  associated  with  a  particular  (111)  axis,  so  that 
the  members  of  a  given  set  are  interrelated  through  C3 
orientations  around  the  (1 1 1)  axis  belonging  to  the  set. 

Considering  the  special  case  of  Bo  ||  [1 1 1]  as  in  Fig.  2, 
it  is  obvious  that  the  set  belonging  to  the  [111]  axis 
gives  rise  to  a  single  line,  the  position  of  which  is  ...^ 
unaffected  by  the  reorientation  process.  This  line  is  C  in  > 

Fig.  2.  The  other  three  sets  all  contribute  to  both  line  A  ro 

and  line  B,  which  means  that  a  defect  reorienting  at  a  -* 
frequency  v  among  the  configurations  within  one  of 
these  sets  contributes  altematingly  to  A  and  S.  This 
switching  adds  a  dynamic  component  Aco  to  the  “static” 
linewidth  Acoo  of  A  and  B  and,  since  v  increases  when 
the  temperature  is  raised,  A  and  B  become  broadened. 

At  some  temperature,  v  exceeds  the  spectral  separation 
0)^_g  between  A  and  B  causing  A  and  B  to  disappear 

while  a  single  line  AB  emerges  at  a  position  that  is  the  pjgyj-e  5  pj^e  temperature  dependence  of 
weighted  average  of  the  original  positions  of  A  and  a  ^  showing  that  the 

This  phenomenon  is  known  as  motional  narrowing  reorientation  has  an  aetivation  energy  of 
[14].  In  the  notation  of  Watkins  and  Corbett,  the  0  06eV 
relationships  between  Aco  and  the  lifetime  x  of  the 
reorientation  process  are 

AcOj=^  and 

T  X  4 

where  pa  and  ps  are  the  relative  propabilities  for  finding  the  defect  in  a  configuration  contributing  to 
line  A  and  B,  respectively  (pa  =  V3  and  pa  =  V3).  Assuming  that  the  lineshape  is  a  convolution  of  a 

Lorentzian  and  a  Gaussian  [8],  Aco  can  be  estimated  as  Aco  =k(aco,  -  AcOq  +-jAa^  -AcOq  j, 


100/T  (K-l) 
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where  Aco,  is  the  total  linewidth.  From  these  expressions,  we  have  estimated  x  for  different 
temperatures  in  the  regions  of  broadening  of  B  and  narrowing  of  AB.  In  Fig.  5  the  logarithm  of  x  is 
plotted  versus  T  The  simple  temperature  dependence  x  =  x „  exp(£^  /  ^T)  corroborates  the 
assignment  of  both  broadening  and  narrowing  to  a  single  reorientation  process  with  an  activation 
energy  of  Ea  =  (0.06  ±  0.01)  eV.  This  value  is  exactly  the  same  as  that  derived  by  Watkins  and 
Corbett  for  VP°  [8],  which  indicates  that  the  reorientation  processes  in  VH°  and  VP°  are  very  similar. 

The  trigonal  angular  dependence  of  the  EPR  signal  calculated  from  the  g  tensor  measured  at  45 
K  and  the  reorientation  model  is  included  in  Fig.  3  as  dashed  curves.  Noting  that  the  linewidth  is 
-0.25  mT  at  145  K,  the  agreement  with  the  data  is  very  good.  Thus,  the  thermally  induced  symmetry 
change  strongly  corroborates  our  identification  of  the  defect. 

Conclusions 

VH®  is  present  in  proton-implanted  high-resistivity  silicon  at  temperatures  below  450  K.  Its 
electronic  properties  are  determined  almost  completely  by  the  silicon  dangling  bond.  The  defect 
shows  monoclinic-I  symmetry  as  expected  from  theory,  and  it  reorients  with  an  activation  energy  of 
only  0.06  eV  among  three  equivalent  configurations  with  the  hydrogen  atom  bound  to  the  same 
silicon  atom.  The  electronic  properties  of  VH®  and  VP®  are  very  similar,  indicating  that  the  Si-H 
fragment  of  VH®  may  be  regarded  as  a  "pseudo  atom"  acting  like  a  group- V  impurity. 
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Abstract 

Samples  of  silicon  doped  with  cadmium  are  found  to  produce  a  series  of  unusual  and  complex 
luminescence  spectra.  For  the  lowest  energy  group  (minimum  energy  zero-phonon  line  at  1058.2 
±0. 1  meV)  transitions  occur  from  an  excited  state  manifold  of  five  levels  spread  over  4.3  meV  into 
a  single  ground  state.  Another  group  of  lines  (with  the  minimum  energy  zero-phonon  line  at  1066.8 
±0.1  meV)  is  broadly  similar  to  the  1058  meV  group,  except  that  there  are  not  less  than  eight  lines 
within  a  range  of  only  2.4  meV,  and  both  the  ground  and  excited  states  are  manifolds  of  several 
levels.  For  the  third  group  (lowest  energy  zero-phonon  line  at  1083.3  ±0.1  meV)  thermalisation 
data  clearly  show  that  both  the  excited  and  ground  states  are  manifolds  of  three  levels  each,  with 
very  strong  selection  rules  governing  the  transitions.  Co-doping  with  lithium  and  annealing  the 
samples  in  the  temperature  range  50-450°C  following  a  quench  from  high  temperatures  substantially 
enhances  the  intensities. 

Introduction 

In  a  previous  study  [1]  of  silicon  implanted  with  the  radioactive  isotope  "'in  (which  decays  to  **'Cd 
with  a  2.8  day  half-life)  three  new  photoluminescence  (PL)  systems  appeared  in  the  samples  over  a 
period  of  weeks,  at  a  rate  unconnected  with  the  "'in  half-life.  The  Si: '"in  had  been  subjected  to  a 
high  temperature  anneal  at  ~1  lOO^C  followed  by  a  quench  to  room  temperature.  It  was  concluded 
that  these  systems  were  due  to  the  " '  Cd  daughter  forming  defect  complexes  (possibly  with  other 
impurities)  through  a  slow  diffusion  process  as  the  samples  were  stored  at  room  temperature.  In 
order  to  verify  the  origin  of  these  PL  systems,  high-resolution  measurements  have  been  performed 
on  Cd-implanted  and  Cd-diffused  float  zone  (FZ)  and  Czochralskt  (CZ)  silicon  annealed  at  ~1 100°C 
followed  by  a  quench  to  room  temperature.  The  three  systems  have  been  observed,  group  I  centered 
at  1060.6  meV,  group  n  at  1068  meV  and  group  IQ  centered  at  1079  meV. 

Experimental 

A  large  number  of  Si:Cd  samples  were  produced  by  cadmium  implantation  into  high  resistivity  FZ 
and  CZ  material  of  both  conductivity  types.  The  typical  ion  implantation  energy  and  dose  were  200 
keV  and  IxlO'''  ions  cm'^,  respectively.  Samples  were  also  prepared  by  diffusion  from  Cd  vapour, 
as  described  below.  The  implanted  samples  were  RCA  cleaned  before  all  heat  treatments  and  were 
placed  in  a  quartz  tube  which  was  heated  to  ~1  lOO^C  for  10  sec  and  quenched  to  room  temperature 
in  a  4:6  water:isopropanol  mixture.  Subsequent  annealing  treatments  were  carried  out  in  an  RCA- 
cleaned  quartz  tube  for  a  duration  of  30  min  and  for  temperatures  up  to  450°C.  The  production  of 
the  three  defects  depends  upon  the  cooling  rate  during  the  rapid  quench  to  room  temperature,  which 
can  be  affected  by  the  sample  dimensions.  By  placing  a  pellet  of  lithium  metal  in  the  quartz  tube 
during  the  high  temperature  anneal  the  intensities  of  the  three  defects  increases.  The  stress  samples 
were  prepared  by  diffusion.  Samples  were  cut  into  rectangular  parallelepipeds,  with  the  sample  long 
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axis  parallel  to  one  of  the  crystal  axes  <00)>,  <11 1>  and  <110>.  A  cadmium  pellet  was  placed 
together  with  the  samples  in  a  quartz  ampoule  at  0.5  atm  of  helium  and  heated  to  1100  C  for  2h. 
The  diffused  samples  were  then  annealed  in  an  ampoule  containing  a  lithium  pellet  and  heated  to 
850'’C  for  5  min  at  0.5  atm  of  helium.  To  achieve  a  rapid  quench  to  room  temperature  the  ampoules 
were  plunged  into  water.  For  the  isotope  substitution  studies,  ‘°®Cd  and  "®Cd  were  used,  implanted 
either  separately  into  different  wafers  or  together  for  dual  implant  studies.  The  luminescence  was 
excited  using  the  514  nm  line  of  an  argon-ion  laser  and  the  excitation  power  was  typically  -100 
mW  (unfocussed)  on  the  sample  face.  Details  of  the  apparatus  used  for  recording  the  PL 
measurements  and  producing  the  uniaxial  stresses  are  described  elsewhere  [2,3]. 


A  PL  spectrum  of  cadmium-implanted  FZ  silicon  quenched  to  room  temperature  following  a  lOsec 
anneal  at  1100°C  and  subsequently  annealed  to  lOOV  for  30  min  is  shown  in  Fig.  1.  Three 
independent  groups  of  lines,  which  we  label  group  I,  group  n  and  group  HI,  are  observed,  for  which 
the  relative  intensities  depend  upon  the  annealing  treatment.  All  three  groups  are  multi-line  spectra, 
with  low  energy  in-band  phonon  modes  clearly  observed  for  groups  I  and  IH.  High  resolution 
spectra  of  the  three  systems  at  a  series  of  temperatures  were  recorded  as  illustrated  in  Fig,  2.  For 
group  I  transitions  occur  from  five  excited  state  levels  to  a  single  ground  state.  An  energy  level 
diagram  for  group  I  is  given  in  Fig.  3(a).  The  total  group  I  intensity  initially  grows  to  a  maximum  at 
15  K,  then  decreases  with  increasing  temperature  and  becomes  undetectable  at  temperatures  >40  K. 
The  group  I  zero  phonon  lines  (ZPL)  couple  to  an  in-band  local  mode  phonon  of  energy  -  7.8  meV. 
The  Huang-Rhys  factor  is  estimated  to  be  -  0.6  from  the  ratio  of  the  integrated  intensities  of  the 
zero  phonon  lines  and  the  first  phonon  sideband. 


Figure  1  PL  spectrum  of  cadmium-implanted  silicon  showing  positions  of  Groups  I,  II  and  III 

The  group  n  spectra  revealed  eight  lines  within  a  range  of  2.4  meV.  At  the  highest  resolutions 
employed,  there  was  considerable  overlap  of  different  components  within  this  group  of  lines,  and  as 
a  result  the  energy  level  diagram  deduced,  shown  in  Fig.  3(b),  is  somewhat  uncertain.  However  it 
appears  that  there  are  sublevels  within  the  both  the  ground  and  excited  states  for  this  group  of  lines. 
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The  total  group  n  intensity  grows  to  a  maximum  at  -5.5  K  and  the  PL  disappears  at  temperatures 
>30  K.  For  this  group,  the  local  mode  phonon  (7.2meV)  is  observed  clearly  only  in  the  4.2K 
spectrum  -  at  higher  temperatures  the  sideband  is  obscured  by  the  additional  group  I  lines  which 
appear  in  the  spectrum. 


Figure  2  Photoluminescencc  spectra  of  Si:Cd  as  a  function  of  temperature 


The  third  group  of  lines  is  a  complicated  system  with  three  ZPLs  at  1083.3,  1078.5  and  1074  meV, 
each  with  a  series  of  sidebands  involving  an  in-band  local  mode  of  energy  4.8  meV.  At  4.2  K  only 
the  lowest  energy  ZPL  and  its  sidebands  are  observed.  At  higher  temperatures  the  other  two  ZPL 
appear  along  with  their  sidebands.  The  separations  of  the  ZPL  are  close  to  the  phonon  energy,  which 
accounts  for  the  complexity  seen  in  the  spectrum.  The  overlapping  lines  were  deconvolved  to 
Gaussian  fits  and  an  energy  level  diagram  is  shown  in  Fig.  3(c).  In  this  case,  the  quality  of  the 
thermalisation  data  is  very  high,  and  there  is  no  doubt  about  the  splittings.  The  Huang-Rhys  factor 
for  the  4.8  meV  local  mode  is  calculated  to  be  -1.2  using  data  from  the  first  three  phonon 
sidebands.  The  total  group  HI  intensity  initially  grows  to  a  maximum  at  -22  K  and  then  decreases 
with  increasing  temperature  until  it  disappears  at  temperatures  >40  K.  The  calculated  infinite 
temperature  intensity  ratios  for  the  lines  within  each  group  are  given  in  Fig.  3.  It  is  immediately 
obvious  that  strong  selection  rules  are  in  operation  for  these  centres. 

Unambiguous  evidence  of  the  involvement  of  cadmium  in  the  three  systems  was  established  using 
isotope  substitution  experiments.  A  positive  shift  of  <  0.1  meV  is  observed  in  the  ZPLs  of  all  three 
spectra  resulting  from  an  isotopic  change  from  ‘*Cd  and  ‘“Cd.  In  the  case  of  group  III,  a  shift  of  0.3 
meV  (in  near  exact  agreement  with  that  calculated  for  an  inverse  square-root  dependence  on  the 
mass  of  the  Cd  atom)  is  observed  for  the  phonon  replica  at  1079  meV,  and  is  illustrated  in  Fig.  4.  In 
order  to  determine  the  role  of  lithium  in  the  defect  complexes  isotope  substitution  of  "^Li  and  ’Li  will 
be  performed  in  the  near  future. 
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Figure  3:  Energy  level  diagrams  for  (a)  Group  I,  (b)  Group  II  and  (c)  Group  III.  There  are  three  components 
within  the  group  II  line  at  1068.  ImeV.  The  numbers  beneath  the  arrows  show  the  approximate  infinite 
temperature  intensity  ratios.  Tlie  S  values  are  the  Huang-Rhys  parameters  for  the  dominant  local  phonon  mode. 
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Figure  4:  Isotope  shift  of  (a)  Group  III  1079  meV  phonon  replica  and  (b)  Group  III  1088.5meV  ZPL 

Uniaxial  stress  measurements  were  performed  to  determine  the  symmetry  of  the  defects  associated 
with  each  of  the  three  zero  phonon  line  spectra.  Unequivocal  identifications  are  difficult  for  all 
groups  due  to  the  complexity  of  the  spectra,  and  the  measurements  were  hampered  also  by  poor 
signal  levels  for  groups  I  and  III  in  the  oriented  samples.  Consequently,  there  is  as  yet  no  definite 
identification  of  the  defect  symmetries  for  these  PL  systems.  From  the  available  data,  and  applying 
the  theories  of  Kaplyanskii  [4]  and  the  shift  rate  equations  calculated  by  Mohammad  et  al  [5],  the 
group  II  lowest  energy  line  appears  to  originate  at  a  defect  of  rhombic  I  (C^,)  symmetry.  Although 
good  agreement  is  obtained  for  the  <001>  and  <1 1 1>  stress  directions,  as  indicated  in  table  1,  this  is 
not  so  for  the  <110>  data.  Further  experiments  are  required  in  order  to  clarify  this  problem.  The 
data  available  for  group  I  indicate  that  the  centre  may  be  trigonal,  but  for  group  III  we  do  not  yet 
have  any  reliable  results. 
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Stress 

Direction 

Theoretical  Shift 
Rate  Expression 

Measured  Shift 
Rate  (meV  GPa'h 

Best  Fit  Shift 
Rate  (meV  GPa*) 

Measured 

Intensity 

Expected 

Intensity 

<001  > 

A, 

-56 

-56.0 

0.46 

0.33 

A2 

19 

19.0 

1 

1 

<111> 

(A,+2A2-2A3)/3 

-21 

-21.0 

0.75 

0.6 

{Ah-2A2+2A3)/3 

9.8 

9.0 

1 

1 

<110> 

(A,+A2)/2 

-34 

-18.5 

1 

1 

(A2+A3) 

-22 

-3.5 

~0.1 

0.33 

(A2-A3) 

41.5 

0 

Table  1.  Uniaxial  stress  results  for  the  group  II  lowest  energy  line.  Fit  parameter  values  (in  units  of  meV  GPa'‘: 
A,  =  -56.0,  Aj  =  19.0,  and  A3  =  -22.5.  Intensity  values  are  normalised  so  that  the  most  intense  component  for  each 
stress  direction  has  an  intensity  of  1.  The  expected  intensity  values  are  based  on  the  experimental  geometry  used. 

Discussion 

The  Cd  isotope  substitution  data  show  that  Cd  is  present  in  all  three  centres.  For  Group  HI,  where 
the  local  mode  is  clearly  resolved,  the  shift  is  in  near  exact  agreement  with  the  m''^"  mass 
dependence  expected  for  vibration  of  the  Cd  atom  with  respect  to  a  static  lattice.  In  addition  to  Cd, 
we  find  that  the  presence  of  Li  in  the  samples  results  in  a  substantial  increase  in  the  PL  intensities, 
especially  for  groups  I  and  H,  although  isotope  substitution  evidence  has  not  yet  been  obtained  to 
confirm  that  Li  is  incorporated  in  the  defects.  Zn-Li  complexes  were  reported  for  Ge  [6]  in  early 
electrical  transport  measurements,  and  it  is  very  likely  that  similar  complexes  involving  Cd-Li  are 
the  origin  of  the  PL  spectra  we  have  observed.  The  annealing  data  show  some  interdependence  in 
the  PL  intensities  for  the  groups,  and  it  is  probable  that  the  main  difference  between  the  centres  lies 
in  the  number  and  lattice  locations  of  the  Li  atoms.  The  observation  of  the  PL  in  samples  not 
deliberately  doped  with  Li  is  attributed  to  out-diffusion  of  Li  from  the  quartz  during  the  high 
temperature  anneal. 

On  the  basis  of  detailed  temperature  dependence  measurements,  energy  level  diagrams  deduced  for 
the  three  centres  are  shown  in  Fig.  3.  For  group  I  a  single  electronic  ground  state  is  observed,  with 
strong  selection  rules  governing  the  transitions  from  a  manifold  of  five  excited  state  levels.  For 
group  in,  the  data  clearly  require  that  both  the  ground  and  excited  states  contain  more  than  one 
level,  and  once  again  there  are  strong  selection  rules  in  operation.  In  the  case  of  group  H,  there  is  a 
complex  fine  structure  with  overlapping  lines  observed  at  the  highest  resolutions  employed.  Here, 
too,  the  data  indicate  the  occurrence  of  a  manifold  of  levels  in  both  ground  and  excited  states,  but 
the  uncertainties  in  the  intensity  measurements  make  the  deduction  of  the  energy  level  structure 
somewhat  imprecise  in  comparison  to  the  case  of  group  IH,  It  is  possible  that  more  than  one  defect 
(or  defect  configuration)  contributes  to  the  group  n  lines,  so  we  regard  the  energy  level  diagram  as 
tentative  for  this  group  of  lines.  Taken  as  a  whole,  the  spectra  show  that  the  defect  energy  level 
stmetures  are  unusual  for  silicon  both  in  their  fine  structure  and  selection  rules. 

The  uniaxial  stress  measurements  suggest  that  the  group  n  transitions  originate  in  defects  of  C2V 
symmetry.  A  general  trend  in  the  group  n  data  is  for  the  lines  to  diverge  into  two  groups  which 
separate  under  <001>  and  <1 10>  stresses  at  roughly  the  same  rate  as  the  conduction  band  minima, 
indicative  of  donor  character  in  the  defect.  In  particular,  the  response  to  <00 1>  stress  shows  a 
splitting  of  ~  75  meV/Gpa,  in  near  exact  agreement  with  that  of  the  conduction  band  minima  [7].  As 
stated  above,  only  limited  stress  data  are  available  for  groups  I  and  HI. 

To  fully  describe  the  luminescence  transitions,  and  especially  to  explain  the  pronounced  selection 
rules,  it  is  essential  that  Zeeman  measurements  be  performed  so  that  a  full  description  in  terms  of 
orbital  and  spin  quantum  numbers  can  be  given.  In  the  absence  of  such  information,  we  can  provide 
at  best  an  outline  of  how  the  spectra  can  be  accounted  for.  The  uniaxial  stress  data  point  towards 
donor  character  for  group  n  at  least,  and  the  small  binding  energies  require  that  the  excited  states 
are  shallow  for  all  three  groups.  For  the  ground  states,  we  have  the  unusual  situation  of  several 
closely  spaced  levels  for  groups  n  and  HI.  We  have  not  detected  the  momentum-conserving  phonon 
replicas,  nor  two-electron  or  two-hole  satellites,  which  characterise  neutral  donor  and  acceptor 
bound  exciton  recombination.  Rather,  we  find  broad  multiphonon  sidebands  involving  phonons 
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from  the  full  spectrum  of  lattice  modes,  with  a  cut-off  in  the  one  phonon  sideband  at  the  energy  of 
the  phonon.  These  factors  indicate  that  the  PL  involves  at  least  one  strongly  localised  particle 
and  is  not  due  to  the  recombination  of  band-edge  electrons  and  holes  at  simple  donor  or  acceptor 
centres.  For  vibronic  PL  centres  in  Si,  generally,  luminescence  has  been  attributed  to  electron-hole 
recombination,  with  the  singlet  ground  state  (which  is  usually  observed)  being  the  bare  defect.  It 
may  turn  out  to  be  the  case  that  the  group  I  center  is  another  example  of  such  centres.  For  group  H 
and  in,  this  picture  is  not  adequate  and  we  must  look  for  an  alternative  description  of  the 
luminescence  process.  There  are  exceptions  to  the  general  observation  that  the  final  state  of 
luminescence  transitions  for  vibronic  centres  in  Si  is  a  bare  defect.  A  notable  example  is  the  case  of 
the  Au  donor.  Here,  the  ground  state  is  paramagnetic,  and  the  luminescence  and  absorption  can  be 
explained  using  the  vacancy  model  proposed  by  Watkins  [8].  The  essence  of  this  model  is  that  the 
5d  shell  of  the  Au  impurity  atom  is  deep  in  the  valence  band  and  that  the  6s  electron  occupies  one  of 
the  vacancy  orbitals,  with  the  result  that  the  electrical  and  optical  properties  of  Si:Au  can  be 
modelled,  in  a  first  approximation,  as  those  of  the  silicon  vacancy  in  the  appropriate  charge  state. 
There  is  no  reason  a  priori  to  reject  a  vacancy  model  approach  to  the  analysis  of  impurity  centres 
such  as  isolated  Cd  and  complexes  of  Cd  with  other  impurities.  The  first  requirement  -  that  the  d- 
shell  lies  well  below  the  valence  band  maximum  -  is  satisfied.  Accordingly,  we  can  expect  the  5s 
electrons  to  occupy  the  vacancy  orbitals,  as  for  the  6s  electron  in  the  case  of  Au.  We  suspect  that 
this  approach  is  likely  to  provide  the  necessary  variety  of  energy  level  fine  structure,  produced  by 
the  impurity  electrons  occupying  states  derived  from  the  vacancy  t2  orbitals,  and  selection  rules  to 
explain  the  complex  spectra  we  have  described  above.  As  a  final  comment,  we  note  a  recent  study 
of  Fe-In  centres  involving  split  ground  and  excited  states,  for  which  absorption  spectra  have  been 
attributed  to  intra-d-shell  transitions  on  the  Fe  atom  [9].  We  doubt  that  this  applies  in  the  present 
case,  except  perhaps  for  the  group  IH  lines,  which  may  involve  (in  addition  to  Cd)  an  impurity  other 
than  Li. 
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ABSTRACT  Defect  clusters,  consisting  of  agglomerations  of  dislocations,  stacking  faults 
and  grain  boundaries  in  an  otherwise  low  defect  density  wafer,  are  caused  by  thermal  stresses 
during  the  crystal  growth.  Defect  clusters  are  ideal  sites  for  impurity  precipitation.  A 
phenomenological  approach  to  calculate  the  characteristics  of  a  device  with  extended  defects 
shows  that  a  defect  cluster  can  produce  extensive  shunting.  Finally,  a  network  model  is  used 
to  show  that  clustering  of  defects  can  cause  significantly  more  degradation  in  the  device 
performance  compared  to  a  situation  if  the  total  number  of  defects  are  uniformly  distributed 
over  the  entire  device. 

INTRODUCTION 

Silicon  solar  cells  use  low-cost  substrates  grown  by  modified  CZ,  casting,  and  ribbon  growth 
techniques.  Each  of  these  growth  processes  uses  low-quality  feedstock  that  contains 
significantly  higher  concentrations  of  impurities  than  the  semiconductor  grade  feedstock.  In 
addition,  the  crystal  growth  is  carried  out  at  much  higher  rates  and  under  conditions  that 
compromise  the  material  purity  to  minimize  the  substrate  cost.  Because  of  the  thermal  stresses 
resulting  from  high  growth  rates,  these  substrates  contain  high  densities  of  defects.  Because 
the  grain  sizes  are  very  large,  typically  in  the  cm  range,  the  dominant  defect  is  the  intragrain 
dislocation  density  [1].  Recent  improvements  in  the  crystal  growth  conditions  have  reduced  the 
average  density  of  dislocations,  with  concomitant  improvements  in  the  device  performance. 
These  improvements  have  yielded  ingots  in  which  the  majority  of  the  substrate  area  is  defect- 
free.  However,  clusters  of  defects  are  observed  in  some  parts  of  the  substrate.  These  defect 
clusters  can  have  a  profound  influence  on  the  device  characteristics  because  they  act  as  “sinks” 
for  current  that  dissipate  power  internally  within  the  device.  Indeed,  the  performance  of  the 
high-efficiency,  large-area  solar  cells  is  hmited  primarily  by  the  defect  clusters.  This  paper 
briefly  describes  the  nature  of  the  defect  clusters  in  the  photovoltaic  (PV)  silicon  substrates  and 
explains  how  these  defects  control  the  device  performance. 

NATURE  OF  DEFECT  CLUSTERS 

Defect  clusters  are  localized  defects  consisting  of  agglomerations  of  dislocations,  stacking 
faults  and  (in  some  cases)  grain  boundaries,  in  an  otherwise  very  low  defect  density  wafer. 
Figure  la  is  a  dislocation  map  of  a  commercial  4-in  x  4-in  wafer  from  a  cast  ingot,  t^en  with 
PVSCAN5000[2].  It  shows  that  the  maj^ority  of  the  wafer  has  a  low  dislocation  density,  with 
the  average  dislocation  density  <10Vcm^.  However,  some  defect  clusters  are  seen  as  localized 
regions  of  high  (>10Vcm^)  defect  densities.  Figure  lb  is  a  magnified  view  of  a  very  large 
defect  cluster  whose  location  on  the  wafer  is  identified  in  Figure  la.  A  different  behavior  of 
defect  generation  is  observed  in  ribbon  substrates.  In  ribbon  substrates,  the  dislocation  density 
is  highly  orientation  dependent;  the  grains  with  (110)  surface  and  <112>  growth  direction 
show  zero  dislocation  density.  Other  grain  orientations  may  be  heavily  decorated  with  defect 
clusters.  Figure  2a  is  a  photograph  of  a  defect  etched  sample  showing  etch  pit  configurations 
in  a  region  with  a  series  of  defect  clusters.  The  defect  cluster  is  the  entire  conglomeration  of 
dislocation  networks  and  stacking  faults  gathered  in  the  vicinity  of  grain  boundaries.  Figure  2b 
is  a  higher  magnification  view  of  the  region,  showing  that  the  defect  cluster  consists  of  a  series 
of  long,  intertwined  dislocation  loops.  Because  these  loops  and  networks  are  high-energy 
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Figure  2a.  Photograph  of  a  defect  etched  Figure  2b.  A  magnified  view  of  dislocations 
s^ple  showing  agglomeration  of  in  a  defect  cluster  showing  tracks  of  network 
dislocations  at  a  defect  cluster  inter-connection  between  dislocations. 


defect  configurations,  they  are  thermally  unstable  and  can  change  during  device  processing. 
Furthermore,  the  defect  clusters  are  efficient  nucleation  sites  that  become  decorated  with 
impurity  precipitates  during  crystal  growth.  This  propensity  for  impurity  decoration  of  a  defect 
cluster  has  a  strong  bearing  on  how  it  affects  the  device  performance. 

INFLUENCE  OF  DEFECT  CLUSTERS  ON  THE  DEVICE  PERFORMANCE 

Defect  clusters  can  influence  the  device  performance  in  a  number  of  ways.  A  defect  cluster  is  a 
site  of  very  high  recombination  for  minority  carriers,  leading  to  a  reduction  in  the  minority 
earner  lifetime  in  the  base  region.  In  addition,  as  described  in  this  paper,  because  it  propagates 
through  the  entire  thickness  of  the  substrate,  it  is  a  “filamentary”  junction  shunt.  Figure  3 
illustrates  the  dominant  roles  of  a  defect  cluster  in  the  base  and  the  depletion  regions.  The 
shunting  effect  is  further  enhanced  by  the  impurity  decoration  during  the  crystal  growth. 
Unfortunately,  the  gettering  and  passivation  processes,  typically  used  in  solar  cell  fabrication  to 
ameliorate  the  effects  of  impurities  and  defects,  do  not  work  well  in  the  regions  of  defects 
clusters. 


Figure  3.  Illustration  of  a  defect  cluster  as  a  recombination  “filament”  through  different 
regions  of  a  device;  each  region  is  characterized  by  specific  voltage  dependencies  of  the 
recombination. 

To  determine  the  influence  of  defect  clusters  on  the  total  large-area  cell  performance,  we  need  to 
determine: 


530 


Defects  in  Semiconductors  -  iCDS-19 


1.  the  characteristics  of  the  cells  in  regions  with  no  defect  clusters 

2.  the  characteristics  of  cells  in  the  defected  region,  and 

3.  a  method  of  combining  a  distributed  device. 

It  is  straightforward  to  describe  the  current-voltage  characteristics  of  a  standard  N/P  junction 
device.  Here  we  describe  a  phenomenological  approach  of  extending  the  N/P  junction  device 
formalism  to  include  local  defects.  Next,  we  describe  a  network  model  that  combines  the 
spatial  distributions  of  solar  cells  to  get  the  terminal  characteristics  of  the  entire  cell. 

In  an  N/P  junction  device  the  recombination,  arising  from  various  segments  of  a  defect,  can 
have  different  voltage  dependencies.  These  effects  can  be  incorporated  into  an  electronic  device 
model  by  considering  the  total  current  to  be  a  superposition  of  the  photogenerated  current 
(which  is  a  short  circuit  condition  with  no  voltage  dependence)  and  the  dark  current.  Thus,  for 
a  solar  cell  we  can  write  the  total  current  density  as: 

j  _  j  ^  where  Jpj,  and  Jdari^CV)  are  the  photogenerated  and  the  dark  current  densities, 

respectively!^  The  dark  current  can  he  expressed  in  a  standard  form  as: 

W V)  =  Joi  exp  { (eV/kT)- 1 }  +  J02  {  exp(eV/2kT)  - 1 } 

The  saturation  currents  Jqj  and  JgjCan  be  written  as: 

J„,=  e-[D„/'C„]‘'^-n,VNa 
Joj=  (eW/2)  -Na  -a-v.^-  n^ 

Here,  we  have  assumed  a  p-type  base  with  a  dopant  concentration  N^.  n^  is  the  intrinsic  carrier 
concentration,  'Cp  and  D„  are  the  minority  carrier  lifetime  and  diffusion  coefficient  respectively. 
N ,  a,  Vd,,  and  W  represent  the  interface  state  density,  carrier  capture  cross  section,  the  thermal 
velocity,  and  the  depletion  width,  respectively.  The  photocurrent  can  be  written  as, 
J  =  L  ff  <|),  where  <|)  is  the  number  of  photons  transmitted  into  the  device,  and  is  the 
effective  minority  carrier  diffusion  length.  The  above  equations  describe  an  “undefected  cell. 

Cell  performance  of  the  defected  region 

It  is  well  known  that  defects  act  as  sites  of  high  carrier  recombination,  lowering  the  l^al 
minority  carrier  lifetime  in  the  bulk  of  the  material.  The  recomhination  associated  with  a  defect 
depends  on  the  nature  of  the  defect  as  well  as  on  the  location  of  the  defect  within  the  device.  It 
is  rnstractive  to  examine  how  the  characteristics  of  the  small  cell,  fabricated  on  a  defect  cluster, 
differ  from  that  of  a  small  cell  fabricated  on  an  undefected  region. 

An  electronic  model  for  a  defect  cluster  can  be  similar  to  that  of  an  energy  band  model  used  in 
the  treatment  of  dislocations  [3-5].  A  relationship  between  x  and  dislocation  density  can  te 
determined  by  considering  surface  state  density  along  the  length  of  the  defect.  One  c^  apply 
Poisson’s  equation  to  determine  the  surface  recombination  velocity  at  the  edge  of  the  space 
charge  region  (r  =  w).  The  effective  surface  recombination  velocity,  S(w),  can  be  expressed 
as: 

S(w)  oc  S(0)  exp  (eV„/kT)  =  N,,  •(T  v,h-(Ef„  -  Etp)  exp(eV/kT) 

where  E,  and  E^  are  the  quasi  Fermi  levels  and  is  the  diffusion  potentid  under  illumination. 
Following  the  ^guments  similar  to  those  of  references  [3-5],  we  can  write  an  expression  for 
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Ae  eff^tive  volume  concentration  (N,)  of  recombination  centers  in  terms  of  the  density  of 
dislocations  (N^)  in  the  defect  cluster,  as:  ^ 

N,oc  •(Ef„  -  Efp)-exp(eV/kT) 


Here  is  the  number  of  traps  per  unit  length  of  the  dislocation.  From  expression  in  the  above 
equation,  the  minonty  carrier  lifetime  (which  is  a  function  of  N,)  for  the  defected  region  can  be 
'Vnitdi  ss. 


x(N,)  oc  exp(-eV,/kT)  /  {  N,-a-v,^-N,''^-NT  •(£,„-  Ej^)) 

This  can  be  expressed  in  terms  of  the  commonly  used  parameter,  diffusion  length,  as: 


L(N,)  =  [D-t  (N,)]‘«  oc  [D  exp(-eV/kT)/{N,-(j-v„  N;'^-N^.(E,„-  EfP}]‘« 

From  the  above  equation  we  see  that  within  a  defect  cluster  the  effective  diffusion  length 
L(N^,  IS  inversely  proportional  to  (N^) ' .  Furthermore,  it  depends  on  the  resistivity  through 
j.  (..Qualitatively,  m  most  cases,  increases  with  decrease  in  the  resistivity,  implying  that  an 
increase  in  the  resistivity  should  lead  to  a  decrease  in  t(N^). 


It  is  instactive  to  compare  the  above  predicted  dependence  of  diffusion  length  on  N.  with 
measured  values.  Figure  4  shows  the  measured  diffusion  length  as  a  function  of  dislocation 
density  for  toee  different  resistivities  of  the  substrate.  It  can  be  seen  that  for  high  dislocation 
density,  m  the  range  that  corresponds  to  formation  of  a  defect  cluster,  the  diffusion  length  is 
somewhat  independent  of  the  number  of  dislocations  in  the  cluster.  Furthermore,  the  diffusion 
length  decreases  with  a  decrease  in  resistivity.  These  results  are  in  agreement  with  our  model 
as  represented  by  the  above  equations.  ’ 


Figure  4  Measured  dependencies  of  the  minority  carrier  diffusion  length  on  the  dislocation 
,  substrates  of  three  different  resistivities.  In  the  range  of  cluster  formation,  the 
ditfusion  length  is  nearly  independent  of  the  dislocation  density. 

Thus,  we  can  infer  from  the  above  equations  that  a  defect  cluster  is  a  region  of  low  diffusion 
length  with  an  electric  field  similar  to  that  of  a  depletion  region.  In  principle,  one  can  calculate 
toe  corresponding  If,,  and  required  for  determining  the  characteristics  of  a  “defected”  cell 
Unfortunately,  all  the  parameters  needed  to  calculate  and  are  not  known  in  detail.  In 
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addition  their  values  depend  strongly  on  impurities  in  the  substrate,  its  thermal  history,  as  well 
as  on  the  process  conditions  for  cell  fabrication.  We  are  performing  expenments  that  will  lead 
to  deconvolution  of  such  dependencies.  In  the  mean  time,  one  can  use  the  experimental  data  to 
obtain  the  dependencies  of  Jq,  and  Jqj  on  N^;  this  can  be  obtained  directly  from  specially 
fabricated  devices[6]. 

Network  model  for  total  cell  characteristics 

Figure  5  shows  schematically  the  network  model  that  we  use  to  describe  the  large-area  cell. 
The  device  is  divided  into  an  array  of  diodes;  each  diode  is  small  enough  to  assume  a  unifom 
distribution  of  defects[7,8].  Each  node  in  the  matrix  depicts  a  local  cell,  connected  to  other 
cells  by  a  resistor  representing  the  series  resistance.  The  series  resistance  arises  from  a  nurnber 
of  sources  that  include  the  sheet  resistivity  of  the  junction  in  an  N/P  device.  Each  local  region, 
having  a  known  defect  density,  is  described  by  a  dark  current  given  by  . 

Idark=  loi  {  exp(eV/kT)-l }  + 102  {  exp(eV/2kT)-l }  -tlo,  {  exp(eVn)-l } 

The  last  term  in  the  above  equation  is  added  to  represent  tunneling  current  that  occurs  in  heavily 
defected  regions  due  to  hopping  mechanism.  Hence,  a  local  cell  element  (n,m)  in  the  inatm 
is  represented  by  a  current  source  comprised  of  and  and  a  corresponding  light- 
induced  current  density  J  .  One  can  represent 

ph.ntn 

^01rm= 

Ioian,=  Io2F'nm-{exp(ev/2kT)-l}, 

/ 

where  loj  and  Iga  represent  dark  currents  in  the  “defect-free”  device  element.  Fnm,  F  nm 
are  the  factors  representing  the  ratio  of  dark  current  norm^ized  by  the  "^fect-free’  current, 
for  each  component.  A  finite  element  computer  code,  written  in  Microsoft  Excel,  is  used  to 
analyze  the  network[6.7]. 


Figure  5.  A  schematic  of  the  network  model  for  calculating  characteristics  of  a  non-uniform 
junction  device. 

We  consider  an  example  of  a  cell  in  which  20%  of  the  device  area  is  covered  by  defect  clusters, 
and  80%  area  is  defect-free.  The  parameters  for  the  defect-free  region  are; 

0.035  A/cm",  Jo,=  3-6  x  lO'^  A/cm" ,  =  4.5  x  10-13  A/cm" 

The  parameters  for  the  “defected”  cell  are: 
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Jph=  0.021  A/cm^  ,  Jp,=  7.2  x  lO’^  A/cm* ,  9  x  10‘12  A/cm* 

Figure  6  shows  the  calculated  I-V  characteristics  of  these  two  cells.  Their  cell  parameters  are: 

650  mV,  35  mA/cm2,  FF=  81.19}for  defect-free  and  615  mV,  J^=32J 
mA/cm  ,  FF=  77.63}  for  defected  cells,  respectively.  It  is  seen  that  all  the  parameters' of  the 
“defected”  cell  are  lower  than  for  the  “defect-free”  cell.  However,  the  major  reduction  is  in  the 
V„^.  It  should  be  pointed  out  that  in  an  “undefected”  cell,  a  reduetion  of  30  mV  would  be 
accompanied  by  a  large  reduction  in  ^  in  accordance  with  the  cell  equation.  Thus,  we  see  that 
defect  clusters  produce  a  disproportionate  reduction  in  the  device  voltage,  thereby  acting  as 
shunts. 


Figure  6.  Calculated  I-V  characteristics  of  two  devices  -  the  upper  and  the  lower  curves 
correspond  to  the  defect-free  and  the  12%  -area  defected  cells,  respectively. 

We  now  discuss  another  feature  from  our  calculations  -  we  present  results  of  calculations  that 
demonsttate  the  effect  of  changing  the  spatial  distribution  of  defects.  Figure  7  shows 
schematically  various  distributions.  Figure  7a  shows  a  uniform  cell  of  a  material  quality  that 
yields  17.6%  cell  efficiency  with  the  cell  parameters  of  {V^  =  650  mV,  =  34.9  mA/em*, 
FF=77.6}.  Figure  7b  illustrates  an  extreme  case  in  which  the  entire  cell  consists  of  uniformly 
distributed  defect  clusters.  The  calculated  values  of  the  cell  parameters  are:  {V^^  =  565  mV, 

=  26.2  mA/cm2,  FF=75}.  Figures  7c  and  7d  show  cells  with  20%  area  covered  by  defect 
clusters  but  in  the  configuration  of  a  ‘T”  and  a  “bar”  respectively.  The  calculated  parameters 
are:  {V„,  =  615  mV,  =  33.2  mA/cm2,  FF=75.91  },  and  {V„,  =  615  mV,  ^  =  33.2 
mA/cm2,  FF=77.38  },  respectively.  It  is  seen  that  the  “T”  configuration  of  defects  has  a 
lesser  effect  on  the  cell  performance  compared  to  the  “baf  ’  configuration.  Now  we  calculate 
cell  parameters  for  a  configuration  where  total  number  of  defects  corresponding  to  the 
configurations  c  and  d,  are  uniformly  distributed  within  the  entire  cell  (Figure  7e).  The 
calculated  values  are:  {V„,  =  650  mV,  =  32.5  mA/cm2,  FF=77.58},  with  an  efficiency  of 
16.4%.  Clearly,  as  seen  from  Figure  7e,  the  effect  of  defect  clustering  is  significantly  more 
severe  even  though  the  same  number  of  defects  are  participating  in  the  carrier  transport. 

We  have  used  our  modeling  to  investigate  the  distribution  of  local  voltages  and  currents  for  any 
given  terminal  voltage.  These  results  have  shown  that  defect  clusters  can  act  as  current  “sinks” 
for  certain  operating  conditions  of  the  device.  This  is  a  direct  result  of  shunting  produced  by 
the  defeet  clusters.  The  degree  of  shunting  depends  on  the  size  and  the  nature  of  the  defect 
cluster.  As  the  degree  of  shunting  increases,  the  terminal  voltages  at  whieh  the  “sinks”  appear 
is  lower,  producing  internal  dissipation  at  lower  voltages.  Therefore,  it  is  important  to 
minimize  the  effect  of  defect  clusters  to  obtain  a  high  efficiency  solar  cell. 
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Zero-D  10®  cm*  uniformly  distributed 

Efficiency  =  1 7.6%  Efficiency  =  11.1% 


c. 


T-10®cm* 
Efficiency  =  15.5% 


10®  cm* 

Efficiency  =  15.8% 


Uniformly  distributed  2x10®  cm* 
Efficiency  =  16.4% 


Figure  7.  Illustrations  of  various  distributions  of  defects  and  their  influence  on  the  solar  cell  efficiency. 
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Abstract.  We  discuss  the  possible  structures  of  self-interstitial  clusters  and  their  formation  mechanism 
in  Si.  We  find  that  a  single  [100]  split  interstitial  generates  the  dilatation  in  lattice  on  (100),  while 
the  compression  appears  above  and  below  it  along  [100].  Therefore,  whenever  the  compression 
side  of  an  interstitial  locates  in  the  dilatation  side  of  another  interstitial,  the  elastic  energy  may  be 
reduced.  In  addition,  the  rebonding  reduces  the  energy  further.  We  compute  the  energies  of  a  single 
interstitial  and  the  clusters  which  consist  of  two  to  five  interstitials.  It  is  suggested  that  the 
clustering  of  four  interstitials  occurs  in  succession  and  then  the  fully  reconstructed  14  cluster  forms. 
The  14  cluster  is  four-coordinated,  and  the  corresponding  defect  localized  state  inside  the  minimum 
band  gap  is  occupied  by  two  electrons  in  the  ground  state.  Thus,  self-interstitials  in  the  form  of  the 
cluster  are  virtually  impossible  to  detect  by  standard  experimental  techniques. 

Introduction. 

It  is  well  known  that  a  self-interstitial  in  Si  has  never  been  identified  in  a  convineing  manner  in 
contrast  to  lattice  vacancies.  However,  the  primary  point  defects  are  believed  to  exist  by  many 
researchers,  since,  for  instance,  transmission  electron  microscopy  (TEM)  has  yielded  substantial 
data  about  the  very  extended  clusters  of  self-interstitials  such  as  the  [111]  and  [113]  defects. 
Therefore,  a  fundamental  issue  about  the  primary  defects  is  whether  they  are  agglomerated  or 
isolated  in  crystal.  A  recent  theoretical  study  showed  that  four  additional  atoms  in  perfect  crystal 
can  be  accommodated  fully  as  the  reconstructed  structure  without  dangling  bonds  and  it  is  more 
favorable  than  four  isolated  interstitials  in  terms  of  energy.  In  this  communication,  we  discuss  the 
possible  cluster  structures  of  self-interstitials  and  their  formation  mechanism  based  on  static 
energy  computations.  Our  discussion  implies  that  the  primary  defects,  created  as  the  Frenkel 
partner  of  the  lattice  vacancy  during  ion-implantation  and  electron  irradiation,  migrate  in  crystal 
and  agglomerate  whenever  the  energy  is  gained  appreciably.  From  the  computations,  we  suggest 
that  a  self-interstitial  acts  as  an  attractive  center  of  other  self-interstitials  and  this  could  be  an  origin 
of  the  clustering  of  self-interstitials. 

Computational  procedure. 

We  assumed  a  supercell  which  consists  of  4x4x4  cubic  unit  cells  of  perfect  crystal  (512  Si  atoms) 
with  one  to  five  interstitials  inserted  as  an  initial  structure.  With  this  relatively  large  super  cell,  we 
take  aceount  of  the  clustering  of  several  self-interstitials.  The  energies  of  the  supercell  were 
eomputed  with  the  lattice  relaxation  procedure  using  the  Stillinger  and  Weber  (SW)  potential  [1], 
since  we  think  that  sufficiently  accurate  dynamic  computations  based  on  an  electronic  theory  have 
not  yet  been  available  for  handling  the  large  super  cell.  We  assumed  the  initial  configuration  of  a 
self-interstitial  to  be  the  split  <100>  interstitial  configuration  [2]  in  this  work. 
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Relaxed  structure  of  a  split  <100>  interstitial.  .  i 

Figure  1  shows  the  atomic  configuration  of  a  split  [100]  interstitial  determined  by  the  latuce 
relaxation  procedure.  The  formation  energy  of  the  interstitial  is  estimated  to  be  5  28  eV.  For 
looking  at  the  additional  atom  as  well  as  its  nearby  atoms,  the  surrounding  perfect  crystal  is 

removed  in  Fig.  1.  Here,  the  bonds  whose  length  is  reduced  from  the  ideal  value  by  over  0.5%  are 

represented  by  the  dark  lines,  while  the  bonds  stretched  by  over  0.3  %  ,  the  gray  hnes^  The  less 
distorted  bonds  whose  length  distortion  ranges  from  -0.5  to  +0.3  %  are  not  shown  m  Fig.  1.  I  is 
found  that  the  bond  distortion  nearby  the  split  [100]  interstitial  is  anisotropic:  The  compression 
side  appears  above  and  below  it  along  [100]  ,  and  the  dilatation  side  extends  on  (100).  The 
dilatation  field  on  (100)  extends  anisotropicaly  along  the  [01 1]  and  [OIT]  directions.  Hence,  one 
may  be  aware  of  the  possibility  of  the  clustering  of  self-interstitials,  since  the  gam  of  elastic  energy 
is  expected  whenever  the  compression  side  of  an  interstitial  extends  in  the  dilatation  side  of  another 
interstitial  and  vice  versa. 


Fig.  1  Relaxed  configuration  of  a  split  [100]  self-interstitial  in  Si,  viewed  along  [100]  in  (a)  and 
[010]  in  (b). 


Cluster  of  four  self-interstitials,  14  . 

A  model  was  recently  proposed  for  a  reconstructed  cluster  of  self-interstitials.  This  is  not  a 

isolated  Si  cluster  [3]  but  the  cluster  in  crystalline  in  Si.  It  consists  of  four  self-interstitials  and  is 
constructed  by  five  and  seven-membered  atomic  rings  without  dangling  bonds.  The  relaxed  structure 
obtained  after  the  lattice  relaxation  procedure  is  viewed  along  [100]  and  [Oil]  (Fig.  2).  It  is  we ^ 
known  that  a  structure  constituted  only  by  four  coordinated  Si  atoms  with  relatively  sinall  bond 
distortions  yields  no  active  energy  states  in  the  band  gap  .  Actually,  an  electronic  calculation 
based  on  the  semi-empirical  tight  binding  theory  has  clarified  [4]  that  a  de/ect  localized  state  inside 
the  minimum  band  gap  is  occupied  by  two  electrons  in  the  ground  state,  and  the  cluster  exhibits  no 
active  energy  level  like  reconstructed  grain  boundaries  and  dislocations  m  Si  [5].  The  tormaUon 
energy  per  self-interstitial,  Ef  of  the  cluster  is  smaller  than  that  of  an  isolated  self-interstitial 
(Table  1).  Therefore,  we  theorize  that,  once  self-interstitials  form  the  cluster,  it  is  stable  arid 
undetectable  by  any  conventional  electronic  and  spectroscopic  techniques.  Possibly,  this  corresponds 
to  the  experimental  results  that  a  single  self-interstitial  has  never  been  identified. 


The  cluster  structure  was  formally  connected  with  four  split  [100]  self-interstitials  which  appear  on 
the  (100)  plane,  mutually  the  second  or  fourth  nearest  neighbor  distance  apart.  This  hypothetica 
concerted  formation  process  interprets  well  the  complex  bond  topology  of  14.  The  actual  procedure 
for  deriving  the  cluster  model  has  been  illustrated  elsewhere  [6]. 
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Fig.  2  Self-interstitial  cluster,  14  after  the  lattice  relaxation  procedure.  Viewed  along  the  (a) 
[100]  and  (b)  [Oil]  directions. 

Planar  cluster  of  self-interstitials  on  {100} . 

An  experimental  data  somewhat  related  to  the  cluster  was  obtained  in  germanium.  When  germanium 
is  implanted  by  D"'  (deuteron)  at  the  certain  temperature  range,  the  clusters  of  Ge  self-interstitials 
come  out  on  (100).  An  analysis  of  high  resolution  TEM  images  revealed  that  the  lattice 
reconstruction  occurs  on  { 100}  involving  only  Ge  self-interstitials.  The  planar  structure  is  regarded 
as  a  two-dimensional  extension  of  14,  or  the  periodic  arrangement  of  I4s  on  the  {100}  plane.  So, 
the  { 100}  defect  also  bounds  on  perfect  crystal  without  dangling  bonds. 

Comparing  the  formation  energy  per  self-interstitial  of  the  {100}  defect  with  that  of  the  {113} 
defect  [7]  (Table  1),  the  {100}  defect  structure  is  sufficiently  stable  once  it  is  formed.  The 
energies  of  the  several  related  line  structures  such  as  a  single  line  up  and  a  doubled  line  ups  of  I4s 
along  <110>  are  tabulated  in  Table  1.  These  results  suggest  that  the  more  extended  structures 
become  more  favorable  in  terms  of  energy.  The  similar  discussion  was  made  about  the  extension 
of  the  {113}  defects  along  the  <332>  direction:  The  planar  defect  is  extended  along  <332>  by  the 
successive  formation  of  the  line  interstitial  defect  (LID)  structures  elongated  along  <1 10>.  More 
precisely  speaking,  a  short  LID  nucleates  next  to  the  fully  grown  LID  which  constitutes  the  edge 
of  the  existing  {113}  defect,  and  that  the  growth  of  the  LID  along  <110>  gives  rise  to  the 
extension  of  the  {113}  defect  along  <332>  by  the  single  LID  width.  According  to  this  picture, 
we  think  that  it  is  unnecessary  to  break  the  bonds  in  order  to  trigger  off  the  growth  of  { 1 13 }  defects, 
since  a  LID  leaves  the  dangling  bonds  at  its  ends.  In  contrast  to  the  {113}  defects,  the  { 100} 
defect  needs  the  energy  to  break  the  bonds  for  its  growth.  The  extended  {100}  defect  has  been 
found  only  when  the  sample  is  irradiated  by  deuteron,  therefore  indicating  that  some  interactions 
between  hydrogens  and  self-interstitials  [8]  occur  and  the  cluster  is  extended  on  {100}. 
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Interstitial 

bond  distortion 

Formation  energy 

structures 

length  (%) 

angle  (degree) 

per  self-interstitial  (eV) 

min. 

max. 

min.  max. 

[100) 

-1.4 

2.5 

-14.0 

17.4 

0.74 

Double  lines 

-2.8 

2.7 

-21.2 

17.5 

1.37 

Single  line 

-3.8 

2.3 

-21.8 

18.5 

1.75 

14 

-5.0 

1.5 

-22.2 

22.8 

2.10 

{113} 

-1.7 

2.2 

-21.1 

22.0 

0.85 

LID 

-2.9 

2.1 

-19.0 

18.9 

1.60 

split  <100>  interstitial 

5.28 

Table  1  Formation  energies  and  bond  distortions  of  the  clusters  of  self-interstitials  in  Si 


Formation  energy  of  a  pair  of  self-interstitials. 

A  natural  question  arises  about  the  formation  mechanism  of  the  14  cluster.  As  shown  above,  a 
self-interstitial  gives  rise  to  the  anisotropic  lattice  distortion  in  the  short  range.  Therefore,  we  first 
perform  the  energy  computations  of  all  the  possible  ways  of  the  pair  configurations  of  split  <100> 
self-interstitials  up  to  the  ninth  nearest  neighbor  distance  apart  [10].  Figure  3  depicts  the  coordinate 
system  which  describes  a  pair  of  self-interstitials.  In  our  static  computations,  one  split  <100> 
self-interstitial  is  located  at  the  origin  designated  by  0,  and  we  assume  the  other  one  located  at  one 
of  the  «th  («=1  to  9)  nearest  neighbor  sites  designated  by  the  numbers.  The  direction  of  the  split  is 
designated  by  x,  y  or  z. 


b 

© 

© 

@ 

0 

m 
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Fig.  3  Formation  of  a  pair  of  self-interstitials,  (a)  The  sites  where  the  self-interstitials  are 
located  are  marked  by  the  numbers  with  asterisks,  (b)  A  pair  of  split  <100>-  interstitials  with  the 
eighth  nearest  neighbor  distance  apart  (after  lattice  relaxation). 
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The  formation  energies  of  the  pairs  are  summarized  in  Fig.  4.  Comparing  the  average  formation 
energy  of  the  nth  nearest  neighbor  pairs  with  that  of  a  self-interstitial,  i.  e.  5.28  eV,  the  trend  is 
found  that  the  energy  more  decreases  in  the  closer  pairs.  The  abrupt  decreases  of  energy  at  the 
fifth  and  eighth  nearest  neighbor  pairs  can  be  interpreted  in  a  simple  way:  The  elastic  energy,  in 
particular  estimated  by  the  SW  potential,  depends  on  not  the  distance  of  the  two  atoms  but  the 
distortion  of  the  bonds  midway  between  the  atoms.  For  instance,  the  numbers  of  bonds  which 
bridge  the  atom  at  the  fifth  nearest  neighbor  site  and  at  the  origin  are  three  in  the  shortest  path 
(Fig.  3(a)),  and  therefore,  the  fifth  nearest  neighbor  pair  may  be  regarded  as  the  closer  pair  than  the 
fourth  nearest  neighbor  pairs  (Fig.  3(a)). 

In  Fig.  4,  we  find  that  the  energy  much  decreases  at  the  fifth  nearest  neighbor  zz  pair  (£'p2.94eV) 
and  the  second  nearest  neighbor  xz  (or  its  equivalent)  pair  (£'p2.91eV).  Clearly,  in  these  pairs, 
the  compression  side  of  an  interstitial  locates  at  the  dilatation  side  of  the  other.  Of  course,  we 
cannot  discuss  the  electronic  interactions  among  atoms  in  this  potential  and  the  low  formation 
energy  of  the  close  pairs,  in  particular  the  first  nearest  neighbor  pairs,  should  be  taken  as  suggestions. 
However,  to  our  knowledge,  much  less  have  been  studied  about  the  self-interstitial  clustering  in 
terms  of  energy,  and  therefore  our  data  presented  here  provides  the  useful  information  about  the 
clustering. 

Suppose  that  self-interstitials  migrate  switching  the  two  interstitialcy  sites,  i.e.  the  split-<100>  and 
the  bond-centered  configurations  [9].  We  find  that  only  a  few  geometrical  paths  are  available  for 
an  interstitial  migrating  toward  the  other  located  at  the  origin;  for  instance,  9  ->  6  ->  3  ->  2  ->  1 
and  7  ->  6  ->  5  ->  2  ->  1  in  Fig.  3(a).  The  second  nearest  neighbor  pair  may  be  quasi-stable  in  the 
first  path,  and  the  fifth  nearest  neighbor  pair,  in  the  second  path.  The  fifth  nearest  neighbor  pairs 
are  nearly  located  on  the  { 1 13}  plane,  the  habit  plane  of  the  extended  interstitial  defects  and  the 
second  nearest  neighbor  pairs  are  connected  with  the  14  cluster.  We  skip  over  the  discussions 
about  the  (113}  defects,  since  it  is  suggested  that  the  nucleation  of  the  {113}  defects  is  caused  by 
impurities. 


Distance  (nm) 


Fig.  4  Formation  energies  of  the  pairs  (per  self-interstitial).  The  first  letter  represents  the  direction 
of  the  split  at  the  origin,  and  the  second  one,  that  of  the  other  site  (Fig.  3).  The  bold  line  shows  the 
averaged  formation  energies  of  the  nth  neighbor  pairs 
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Formation  of  clusters  of  three,  four  and  five  self-interstitials. 

Systematic  computations  of  several  interstitials  located  in  the  supercell  are  difficult  to  achieve.  So 
we  compute  the  energy  of  the  supercell  which  includes  the  third  interstitial  in  addition  to  one  of 
the  second  nearest  neighbor  pairs;  1)  the  xz  pair  of  the  lowest  energy  and  2)  the  zz  pair  of  a 
medium  energy  (Fig.  4),  the  latter  of  which  also  gains  over  1.3eV  on  the  formation  of  the  pair. 

When  the  third  interstitial  stays  away  from  the  interstitial  pair  further  than  about  2a  {a;  the  lattice 
parameter) ,  the  formation  energy  is  close  to  the  value  of  the  infinite  separation,  i.e.,  E(  "(tripple) 

=  {2  X  Ff  (pair)  +  Ef  (single)}.  It  is  found  that,  in  most  cases,  the  energy  reduces  as  the  separation 
decreases.  In  the  xz  pair,  the  energy  is  gradually  reduced  upto  0.67  eV  from  Ef  °°  (tripple)  = 
3.70  eV,  in  which  the  third  interstitial  locates  the  second  nearest  neighbor  site  of  the  split  z 
interstital.  Assuming  the  zz  pair,  we  find  that  the  third  interstitial  nearby  the  pair  causes  much 
reduction  of  the  formation  energy.  The  minimum  formation  energy,  3.01  eV  is  obtained  for  the 
cluster,  which  consists  of  the  three  split  z  interstitials  mutually  the  second  and  fourth  nearest 
neighbor  distance  apart  and  is  regarded  as  a  precursor  of  the  14  cluster.  Hence,  we  suggest  that 
the  clustering  progresses  in  succession  whenever  the  initially  formed  pairs  retain  the  sufficient  life 
times. 

When  the  fourth  interstitial  is  located  at  the  second  nearest  neighbor  sites  of  the  triple  interstitial 
cluster  of  the  lowest  energy,  then  the  rebonding  takes  place  during  the  lattice  relaxation  procedure 
and  the  14  cluster  comes  out.  In  addition,  we  have  confirmed  that  at  least  five  different 
configurations  with  the  fourth  interstitial  turn  out  to  be  the  14  cluster  after  the  lattice  relaxation 
procedure.  We  add  an  additional  self-interstitial  to  the  14  cluster  without  finding  significant  energy 
gains:  The  gain  in  the  formation  energy  is  smaller  than  0.5  eV,  and  occasionally  the  addition  gives 
rise  to  the  energy  increase.  Therefore,  only  when  the  sufficient  accumulation  of  the  primary 
defects  is  achieved  like  by  intense  electron  irradiation  and  ion-implantation,  further  agglomeration 
may  occur  and  the  more  extended  planar  structures  are  formed.  As  mentioned  above,  it  is  more 
reasonable  to  conclude  that  hydrogen  acts  an  important  role  in  extending  the  cluster  by  the 
bond-breaks  and  rebonding  involving  self-interstitials. 

In  conclusion,  we  have  discussed  that  the  possible  cluster  structures  of  Si  self-interstitials  and  their 
formation  mechanism.  We  suggest  the  possibility  of  the  clustering  which  provides  an  useful 
insight  into  the  various  phenomena  related  to  the  primary  defect  at  the  atomic  level. 
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Abstract.  Deep  level  transient  spectroscopy  (DLTS)  studies  of  floating  zone  (FZ)  and  Czochralskii 
grown  (Cz)  silicon  irradiated  at  77  K  with  electrons,  protons  and  a-particles  as  well  as  the  electron 
paramagnetic  resonance  (EPR)  studies  of  proton  irradiated  silicon  are  reported.  Behavior  of  the  silicon 
self-interstitial  was  explored  by  monitoring  known  impurity  interstitial  centers  (Ci  ,  Alj  ,  (Si-O)i  )  and 
intrinsic  defects.  A  reduction  of  the  self-interstitial  mobility  under  conditions  of  proton  or  a-particle 
irradiation  was  observed  as  against  the  electron  irradiation.  It  is  concluded  that  this  limited  mobility 
results  from  the  lower  injection  level  under  proton  or  a-particles  irradiation  conditions,  and  self¬ 
interstitials  may  be  stable  up  to  room  temperature  at  the  equilibrium  state. 

Introduction 

It  is  known  that  the  silicon  self-interstitial  has  not  been  observed  experimentally  and  its  structure, 
properties  and  diffusion  behavior  were  still  not  established.  In  p-type  silicon,  irradiated  by  one  or  a  few 
MeV  energy  electrons,  the  self-interstitial  is  unstable  and  migrates  even  at  temperatures  <  4.2  K  until  it 
is  trapped  by  impurities  [1].  The  diffusion  of  Sii  is  more  likely  to  be  athermal  recombination-enhanced 
motion  than  an  equilibrium  process.  The  properties  of  created  interstitial  impurities  have  been  studied  in 
detail,  their  appearance  are  the  result  of  interactions  with  self-interstitials  through  the  replacement 
mechanism  [1,2].  In  n-type  silicon,  the  emergence  of  interstitial  trapped  configuration  Ci  was  observed 
at  -140  K  [3].  Why  the  self-interstitial  has  a  low  mobility  in  n-type  silicon  is  not  understood.  The  state 
of  self-interstitial,  isolated  or  trapped,  is  also  still  a  question. 

A  new  possibility  to  explore  the  self-interstitial  properties  emerges  when  proton  and  a-particle 
irradiation  are  used.  As  reported  recently  [4],  the  low  temperature  diffusion  rate  of  the  self-interstitial  is 
reduced  and  concentrations  of  impurity  interstitial  centers  after  77  K  irradiation  of  both  p-  and  n-type 
silicon  are  insignificant  in  contrast  to  electron  irradiation.  The  emergence  of  known  impurity  interstitials 
upon  subsequent  thermal  anneal  may  be  used  as  a  monitor  of  the  self-interstitial  migration  and  trapping 
[3].  This  paper  is  concerned  with  observation  of  impurity  interstitial  as  well  as  recently  detected  self- 
interstitial-related  defects  in  silicon  irradiated  at  77  K  with  protons  and  a-particles. 

Impurity  interstitials 

The  migration,  trapping  and  release  of  the  self-interstitial  was  studied  by  monitoring  of  interstitial 
defects  Ci ,  Ali  and  (Si-O)i . 

Carbon  Interstitial.  It  is  well  known  the  carbon  atom  can  trap  the  silicon  self-interstitial  and  is 
injected  from  substitutional  sites  to  interstitial  ones.  As  a  result,  an  <100>-split  configuration  is  created 
[1,5].  The  defect  Cj  has  two  levels  in  the  bandgap  :  the  single  acceptor  (-/O)  level  at  Ec-0.1  eV  and  the 
single  donor  (0/-I-)  level  at  Ev+0.29  eV  [6].  The  donor  level  is  observed  immediately  following  77  K 
electron  irradiation  of  p-type  silicon  [4],  indicating  that  most  self-interstitials  undergo  long  range 
diffusion  and  are  trapped  by  carbon  atoms.  When  30  MeV  proton  or  4.5  MeV  a-particle  irradiation  is 
carried  out  at  the  temperature  77  K,  the  Ec-0. 1  eV  and  Ev+29  eV  level  concentrations  are  negligibly 
small.  Instead  of  the  C;  center,  a  new  defect  El=Ec-0.39  eV  is  detected  in  p-type  silicon.  In  n-type 
silicon  the  Ci  centers  appear  upon  thermal  anneals  at  -160-180  K,  as  in  the  case  of  electron  irradiation 
[3].  In  p-type  silicon  the  Ci  centers  appear  and  El  centers  disappear  partially  upon  thermal  anneals  at 
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-260-280  K  in  FZ-Si  samples  as  well  as  in  Cz-Si  ones.  An  important  points  is  that  the  thermal  anneal  is 
not  a  critical  requirement  to  observe  the  interstitial  carbon.  The  Ci  centers  appear  and  the  El  disappear 
completely  upon  injection  annealing  at  77  K  (Fig.  1). 

Aluminum  Interstitial.  Interstitial  aluminum  atom  appears  as  a  result  of  interaction  of  substitutional 
Als  and  self-interstitial  through  the  replacement  mechanism  [1,2].  The  Ali  is  placed  in  Tj  interstitial  site 
[1,2,7]  and  the  known  EPR  spectrum  Si-G18  corresponds  to  charge  state  (2+)  of  the  defect.  A  DLTS 
level  Ev+0. 18  eV  has  been  identified  as  arising  from  the  second  donor  state  (+/++)  [8,9]. 

The  DLTS  level  Ev+0. 18  eV  and  Si-G18  spectrum  are  not  observed  immediately  following  77  K  proton 
or  a-particle  irradiation,  but  appear  upon  thermal  annealing  at  260-300  K  [10,11],  much  as  the  Ci 
appears.  The  Al;  centers  appear  also  at  temperatures  77-250  K  under  injection  condition  (Fig.  2),  and 
the  introduction  rate  of  Ali  is  approximately  100  times  larger  than  that  of  Ci.  Indeed,  in  spite  of  the  fact 
that  the  concentration  of  A1  in  the  samples  is  20  times  smaller  than  that  of  carbon,  the  amplitude  of  the 
Ali  state  is  5  times  larger  than  that  of  Ci  (Fig.  2).  We  have  concluded  that  the  Sii  atom  is  a  positively 
charged  particle  in  p-type  silicon  and  attracted  to  negatively  charged  substitutional  A1  impurity.  The 
EPR  study  [11]  showed  that  the  Si-G18  spectrum  growth  coincides  with  the  Si-AA12  spectrum 
disappearance  (Fig.  3). 


Fig.  1.  DLTS  spectra  of  the  p-FZ-Si(B)  sample  a-  Fig.  2.  DLTS  spectra  of  a-irradiated  p-FZ-Si(Al): 
irradiated  at  -250  K  The  spectra  were  observed  1  -  "as  irradiated",  2  -  after  injection  annealing  at 
under  low  level  injection  conditions.  —250  K,  3  -  after  the  heat  treatment  at  300  K. 

Oxygen-related  interstitial  complex.  The  oxygen  interstitial  atom  Oi  can  also  be  a  trap  for  self¬ 
interstitial.  The  infra-red  localized  modes  have  been  observed  in  irradiated  silicon  and  assigned  to  (Si- 
0)i  defect  [12,13].  Harris  and  Watkins  demonstrated  that  in  silicon  irradiated  at  low  temperature  the 
self-interstitials  are  trapped  of  by  oxygen  and  re-released  upon  thermal  annealing  at  -245  K  [3]. 
Consequently,  the  interaction  Sij  and  0;  atoms  is  reversible  in  contrast  to  the  other  impurities  (C,  Al,  B). 

under  80  K  irradiation 

Si.  +  Oi  (Si-O)i  (1) 

-245  K  anneal 

Our  EPR  results  [11]  are  in  agreement  with  this  conclusion.  It  has  been  discovered  that  a  metastable 
complex  (MC)  is  formed  in  Cz-Si  under  proton  irradiation  conditions  at  -80  K.  The  EPR  spectra  Al  8, 
AA13  and  AA14  are  associated  with  tree  paramagnetic  states  of  the  MC.  Thermal  stability  of  MC  and 
oxygen-related  interstitial  traps  [3]  is  the  same.  To  provide  strong  evidence  that  oxygen  is  involved  in 
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MC  structure,  we  performed  the  test  experiment  proposed  for  the  first  time  by  Trombetta  and  Watkins 
[14],  An  "as-grown"  sample  was  subjected  to  a  <110>  stress  of  250  MPa  at  450”C  in  order  to  align  the 
isolated  interstitial  oxygen  atoms  [15],  Then  the  sample  was  irradiated  at  ~80  K  to  form  radiation 
defect.  It  was  found  that  the  resulting  population  of  A18  and  AA13  defects  has  a  <111>  alignment  of 
the  same  sense  as  for  the  <11 1>  oriented  oxygen  interstitial  [11],  This  fact  implies  that  interstitial 
oxygen  is  involved  in  MC  structure  and  in  addition  the  Oj  atom  retains  its  <1 1 1>  bond-centered  isolated 
configuration  upon  trapping  of  some  mobile  defect  when  the  MC  is  formed.  This  sort  of  mobility  at  80 
K  indicates  that  the  defect  may  be  either  a  vacancy  or  self-interstitial  only.  The  identification  of  MC  as 
interstitial  complex  (Si-O)i  is  confirmed  by  hyperfine  structure  of  the  A18  and  AA13  spectra  [11]. 


Fig.  3.  Si-AA12  and  Si-G18  EPR  spectra  at  77  K  in  Fig.  4.  EPR  spectra  in  Cz-Si  irradiated  with  protons  at 

FZ-Si(Al)  sample  irradiated  with  protons  at  ~80  K  ~80  K  :  1  -  "as-irradiated",  2  -  annealed  at  200  K 

and  annealed  at  260  K  (1)  ,  330  K  (2)  and  355  K  (3)  (A18^AA13  transition),  3  -  annealed  at  230  K 

for  5  min,  v=37.15  GHz.  (AA13^AA12  transition),  4  -  after  illumination  at  77  K 

withbandgap  light  (AA12->A18  transition). 

The  MC  concentration  observed  after  80  K  irradiation  is  not  changed  until  220-250  K  when  it  begins  to 
disappear.  The  annealing  kinetics  have  a  large  pre-exponential  factor,  ~2xl0'^  sec\  Consequently,  the 
annealing  of  MC  proceeds  without  long-range  migration  and  the  disappearance  of  the  complex  could 
result  from  the  separation  of  the  Sii  and  Oi  .  When  the  MC  disappears  a  new  intrinsic  AA12  defect 
appears  correspondingly  (Fig.  4).  The  conversion  from  MC  (A18,  AA13)  to  AA12  is  reversible.  The 
AA12  spectrum  disappears  under  the  prolonged  bandgap  light  illumination  at  77  K  and  the  MC  is 
produced  again  (Fig.  4,  curve  4).  A  correlation  between  annealing  temperature  of  a  sample  in  the  range 
from  230  K  until  300  K  and  efficient  recovery  of  the  (Si-O)i  complex  is  observed:  the  lower  the 
annealing  temperature  the  more  easily  the  AA12  defect  converts  to  MC  under  77  K  photoinjection. 
Obviously  the  high  temperature  of  annealing  leads  to  considerable  separation  of  the  Sii  and  Oi  and  it  is 
more  difficult  for  the  Sii  to  be  re-trapped  by  the  Oi  atom. 

The  properties  of  MC  (temperature  of  annealing,  reversible  conversion  to  intrinsic  defect  and  deep  level 
position  for  AA14  state)  agree  closely  with  the  properties  of  the  oxygen-related  DLTS  defect  Ev+0.13 
eV  [4], The  Ev+0.13  eV  defect  was  detected  in  p-type  Cz-Si  and  absent  in  FZ-Si.  Originally  the 
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Ev+0.13  eV  level  has  been  identified  as  arising  from  the  acceptor  level  of  vacancy  [10],  but  a  more 
detailed  study  of  the  annealing  kinetics  [4]  showed  that  the  Ev+0.13  eV  level  belongs  to  a  new 
interstitial  defect.  The  concentration  of  the  Ev+0.13  eV  defects  and  C;  centers  is  increased  when  the 
El=Ec-0.39  eV  defects  are  annealed  under  injection  at  77  K.  Under  prolonged  injection  annealing  the 
Ev+0.13  eV  defect  disappears  also.  The  defect  disappears  upon  thermal  anneals  at  -250  K  or  at  -160  K 
when  the  diode  is  held  under  reverse  bias  or  under  zero  bias  conditions  correspondingly.  At  the  same 
time  as  the  Ev+0.13  eV  disappears  the  El  defect  re-appears.  This  procedure  can  be  repeated  until 
all  the  El  and  Ev+0.13  eV  defects  have  converted  into  C;  centers.  There  is  a  linear  relationship 
between  Cj  rise  and  Ev+0.13  eV  defect  disappearance  [4].  It  was  concluded  that  the  Ev+0.13  eV 
defect  may  be  identified  as  (Si-O)i  complex  and  reversible  transitions  corresponds  to  eq.  (1). 

Self-interstitial-related  defects 

As  noted  above,  the  appearance  of  impurity  interstitials  Ci  and  Al;  is  accompanied  by  disappearance  of 
El=Ec-0.39  eV  DLTS  level  and  AA12  EPR  defect. 

The  El  states  are  observed  in  all  Cz  and  FZ  samples  irrespective  of  the  kind  of  acceptor  impurities  after 
proton  or  a-particle  irradiation  of  p-type  silicoA  at  77  K.  Therefore  these  states  do  not  include  impurity 
atoms  and  should  arise  from  an  intrinsic  complex.  The  amplitude  of  El  appears  to  drop  slowly  until 
-330-350  K  when  it  begins  to  disappear  rapidly  and  the  defect  is  annealed  out  at  -350  K  for  10  min. 

At  77  K  the  El  defect  may  be  annealed  by  minority  carrier  injection.  The  amplitude  and  the  rate  of 
annealing  of  El  defect  depends  on  the  minority  carrier  injection  level  as  well  as  on  the  concentration  of 
carbon  and  oxygen  impurities.  The  rate  of  El  injection  annealing  is  the  same  over  the  temperature  range 
77-280  K.  Strong  correlation  between  injection  annealing  of  El  and  increasing  the  concentration  of  Ci 
in  FZ-Si  (Fig.  1)  or  concentration  of  Ci  and  Ev+0.13  eV  in  Cz-Si  samples  is  observed.  In  Al-doped 
silicon  the  annealing  of  El  is  simultaneous  with  the  growth  of  Ci  and  Ali  (Fig.  2).  Additional  studies  of 
injection  annealing  of  El  defect  at  77  K  shows  that  it  is  completely  annealed  during  (1-10)  min  under 
the  density  of  current  (5-0.5)  A/cm^,  respectively. 

The  band  El  can  be  seen  clearly  in  the  spectra  of  the  thermally  stimulated  capacitance  (TSCAP).  An 
injection  pulse  was  applied  to  the  sample  at  77  K  before  the  recording  of  the  spectrum  in  order  to  detect 
the  level  El  by  the  TSCAP  method.  A  single  injection  pulse  of  length  0.1  ps  was  sufficient  to  saturate 
the  TSCAP  signal  from  level  El.  This  result  means  that  the  cross  section  for  trapping  of  electrons  by 
the  defect  is  many  times  the  cross  section  for  trapping  of  holes,  i.e.,  the  center  is  positively  charged. 

Irradiation  at  77  K  of  FZ  samples  introduced  a  new  intense  EPR  signal  labeled  Si-AA12  [1 1].  We  have 
resolved  the  hyperfme  structure  (hfs)  due  to  a  ^®Si  at  one  equivalent  site  with  a  value  of  A-tensor  -45  5 
MHz.  Unresolved  hfs  (-9.5  MHz)  due  to  a  ^’Si  at  4-6  equivalent  sites  are  also  observed  and  the  axis  of 
this  hfs  is  along  <11 1>.  The  charge  state  of  the  defect  giving  rise  to  the  AA12  spectrum  does  not 
appear  to  be  stable  at  -160  K  annealing  and  a  burst  of  bandgap  light  is  required  to  generate  the 
spectrum  at  77  K.  The  kinetics  of  the  recharging  process  gives  the  energy  level  position  of  AA12  about 
0.4  eV.  The  AA12  defect  is  annealed  at  280-350  K  and  Si-G18  in  FZ-Si(Al)  (Fig.  3)  or  Si-G12  (Ci) 
spectrum  [5]  in  Cz-Si(B)  grows.  The  features  of  hfs  and  annealing  kinetics  allow  the  AA12  spectrum  to 
be  attributed  to  an  interstitial  related  defect.  The  AA12  was  observed  also  in  irradiated  high  purity  Si. 
Therefore  it  has  to  be  an  intrinsic  defect. 

We  did  not  observe  the  AA12  in  Cz-Si  immediately  after  irradiation.  The  AA12  defect  appears  only 
after  annealing  of  MC  at  -250  K.  It  is  very  important  to  note  that  the  AA12  spectrum  disappears  under 
prolonged  bandgap  light  illumination  at  77  K  and  the  MC  is  produced  again  (Fig.  4).  However,  after 
thermal  annealing  of  the  AA12  at  330-350  K  the  MC  don’t  generate  again  under  illumination  at  77  K. 
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Therefore,  the  presence  of  AA12  is  necessary  for  generation  of  MC.  One  may  conclude  that  MC 
involves  the  AA12  defect  and  an  oxygen  atom. 

It  has  been  shown  that  the  AA12  spectrum  and  the  El=Ec-0.39  eV  DLTS  states  have  very  similar 
properties  [16]  and  may  be  related  to  the  same  defect.  Correlation  of  properties  of  the  B  configuration 
of  MC  and  H7=Ev+0.13  eV  DLTS  defect  is  also  observed  [11,16].  The  observed  correlation  is 
additional  evidence  of  the  interstitial  nature  of  the  defects. 

Anihilation  of  Sii-V  pairs 

There  are  great  differences  between  the  spectra  of  samples  irradiated  at  77  K  by  electrons  or  protons 
and  a-particles  [4].  The  relative  amplitude  of  V(Ev+0.13  eV)  and  Ci(Ev+0.29  eV)  bands  are  remarkably 
smaller  in  samples  irradiated  by  protons  and  a-particles.  At  the  same  time,  heavy  particle  bombardment 
greatly  increased  the  concentration  of  defects  H4  and  introduced  some  unidentified  states.  The  H4 
states  are  observed  in  all  samples  irrespective  of  the  kind  of  acceptor  impurities  in  both  Cz  and  FZ 
crystals.  Band  H4  has  a  half-width  >20K,  which  is  significantly  greater  than  the  half-width  of  the 
isolated  line  in  the  DLTS  spectra  (—10  degree  at  100  K)  recorded  with  the  help  of  the  third-order  filter. 
The  low-temperature  decay  of  H4  overlaps  with  the  V  band,  while  the  high-temperature  decay  overlaps 
with  the  V-V  band  (Ev+0.21  eV),  indicating  a  spreading  of  the  energy  spectrum  of  the  levels  which 
form  the  H4  band.  The  energy  corresponding  to  the  maximum  of  H4  is  Ev+0.20  eV  and  the 
corresponding  trapping  cross  section  is  a4=1.6xl0'‘^cm^.  Band  H4  has  complex  annealing  kinetics.  The 
linearity  of  the  curves  (A<,-A)  versus  the  time  in  the  early  stages  means  that  the  annealing  process  is  of 
second  order  A(t)=Ao/(l+t/x).  The  temperature  dependence  of  x  can  be  approximated  by  a  curve  x'*  = 
Xo'^  exp(-Eai/kT),  where  Xo-lO"'’  sec  and  Eai=0.47±0.05  eV.  A  second-order  process  is  observed  until 
the  relative  number  of  H4  defects  which  have  been  annealed  out  is  60-80%,  thereafter,  the  annealing 
slows  down.  Since  the  plot  becomes  linear  in  coordinates  (j)=(Ao-A)/Ao  versus  the  annealing 
process  is  approximately  of  third  order.  Determining  the  activation  energy  by  the  procedure  of  [17]  we 
find  Ea2=0. 4810.05  eV.  Additionally  the  H4  defects  were  annealed  at  77  K  under  conditions  of  minority 
carrier  injection.  The  annealing  of  the  H4  band  is  accompanied  by  an  increase  in  the  amplitudes  of 
V(H1)  and  V-V(H2).  During  a  subsequent  heating,  the  amplitude  of  V-V  continues  to  rise,  possibly 
because  other  defect,  not  distinguished  by  the  DLTS  method,  are  annealed  out. 

The  H4  defects  thus  have  several  properties  which  would  be  expected  of  Frenkel's  pairs.  The  large 
width  of  H4  band  is  evidence  that  it  is  formed  by  a  set  of  defects  which  have  approximately  the  same 
properties  but  have  a  spread  of  energies.  The  injection  annealing  may  mean  that  an  intrinsic  interstitial 
atom  is  involved  in  the  H4  defect  structure.  The  increase  in  the  amplitude  of  the  V(Ev+0.13  eV)  band 
may  mean  that  vacancies  are  liberated  when  H4  is  annealed  out.  The  H4  defect  annealing  kinetics  is 
similar  to  that  which  would  be  expected  for  Frenkel's  pairs  [17-19].  Therefore  we  suppose  that  H4 
defects  consist  from  core  containing  one,  two  or  more  lattice  vacancies  and  there  must  be  a  pair  of 
vacancy  and  self-interstitial  atom  at  the  periphery,  some  of  which  are  removed  a  considerable  distance 
from  the  core. 

Discussion 

Experimental  results  show  that  self-interstitials  have  a  lower  mobility  under  proton  and  a-particle 
irradiation  conditions  than  under  electron  irradiation.  When  the  impurity  concentration  is  about  of -10 
cm‘^  as  in  case  of  oxygen  impurity,  most  of  the  self-interstitials  are  trapped  immediately  after  77  K 
irradiation.  But  if  the  impurity  concentration  is  about  lO’*  cm'^  (the  typical  value  for  carbon  or  shallow 
impurities),  the  concentration  of  known  impurity  interstitial  defects  is  negligibly  low  after  77  K 
irradiation.  In  this  case  the  limited  mobility  of  self-interstitial  may  be  a  consequence  of  the  low  injection 
level  under  proton  and  a-particle  irradiation  conditions.  As  a  result,  the  self-interstitial-related  defects 
El  and  AA12  are  observed. 
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The  El  DLTS  level  and  AA12  EPR  spectrum  may  even  be  suggested  to  arise  from  the  isolated  self¬ 
interstitial.  Indeed,  among  the  intrinsic  defects  in  silicon  only  two  defects  have  been  found  to  exhibit 
enhanced  migration  under  low-temperature  (<77  K)  irradiation  or  minority-carrier  injection  conditions: 
the  well-investigated  silicon  vacancy  [1,2,20]  and  eluded  self-interstitial  [1-3],  Observation  of  injection- 
enhanced  annealing  of  the  El  (AA12)  with  trapping  by  the  carbon,  aluminum  or  oxygen  impurities 
implies  that  either  the  enhanced  migration  of  a  simple  defect  or  a  disintegration  of  the  complex  defect 
and  emission  of  the  self-interstitial  takes  place. 

If  the  El  is  a  complex  defect,  it  must  consist  from  a  core  (X)  and  trapped  self-interstitial:  El=X-i-Sii 
The  disappearance  of  the  X-i-Si;  complex  could  result  from  the  separation  of  the  components,  in  a  one- 
step  process,  and  the  annealing  kinetics  of  the  complex  and  a  large  pre-exponential  factor  would  be 
expected.  This  fact  is  inconsistent  with  the  El  annealing  behavior  and  the  broad  temperature  region  in 
which  the  El  (AA12)  disappears.  Long  range  migration  is  more  suitable  to  explain  the  El  annealing.  It 
may  be  suggested  that  the  El  becomes  mobile  as  soon  as  it  changes  charge  state.  This  re-charge  can  be 
induced  by  temperature,  background  irradiation  or  charged  carriers  released  from  another  deep  levels. 
In  n-p-junction  the  re-charge  of  the  El  may  be  produced  by  leakage  current.  The  ability  of  the  El 
(AA12)  to  migrate  implies  that  the  defect  is  a  simple  defect  and  may  even  be  the  isolated  self-interstitial. 
Further  research  should  be  aimed  at  clarifying  the  structure  of  this  defect. 
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Abstract.  The  electronic  structure  of  the  { 1 13}  extended  defect  in  electron-irradiated  silicon  is  inves¬ 
tigated  by  high-resolution  transmission  electron  energy-loss  spectroscopy  (HR-EELS)  combined  with 
the  tight-binding  and  ab  initio  calculations.  We  have  found  that  the  peak  in  the  imaginary  part  of  the 
dielectric  function,  in  the  defect-rich  region  shifts  at  2-2.5  eV.  We  attribute  this  result  to  the 
nonvertical  interband  transition  between  the  defect-localized  states  at  the  band  edges.  The  detection  of 
the  extended  defect  in  semiconductor  in  e^,  has  been  demonstrated  for  the  first  time  in  this  study. 


Introduction. 

High  resolution  electron  energy-loss  spectroscopy  (HR-EELS)  is  a  powerful  means  of  studying  the 
optical  and  electronic  properties  at  the  nano-scale  region  [1].  The  energy  loss  near  edge  structure 
(ELNES)  in  the  core-loss  spectrum  is  sensitive  to  only  the  projected  (partial)  density  of  the  unoccu¬ 
pied  states  (conduction  band  in  the  case  of  semiconductor  and  insulator)  [2,  3]  and  the  analysis  of 
ELNES  has  been  performed  by  many  groups.  Meanwhile  the  low-loss  spectrum  may  provide  the 
information  on  the  change  in  the  valence  and  the  conduction  bands  through  the  interband  transition. 
However,  the  low-loss  spectroscopy  of  defect  structures  is  still  a  developing  method  due  to  the  experi¬ 
mental  difficulty.  In  this  study,  we  have  applied  the  high  energy  resolution  energy-loss  spectroscopy 
to  the  study  of  the  electronic  structure  of  the  defects  which  can  not  be  detectable  by  the  ordinary 
means  such  as  electron  paramagnetic  resonance  (EPR)  and  optical  absorption  because  of  the  inactivity 
and  smallness  in  absolute  number. 

We  have  performed  EELS  measurements  of  the  well-known  {113}  extended  defect  in  silicon  and 
have  calculated  its  electronic  structure  to  explain  the  experimental  data.  The  {113}  defect  is  the  typi¬ 
cal  extended  defect  introduced  by  the  aggregation  of  supersaturated  self-interstitials  in  electron-irradi¬ 
ated  or  annealed  silicon  and  germanium.  The  high-resolution  TEM  observations  elucidated  its  atomic 
configuration  which  is  a  sequence  of  two  kinds  of  structural  units  [4,5]  called  I  and  O  units  [6].  An  I 
unit  contains  a  self-interstitial  atom  chain  along  the  <1 10>  direction  and  seven-membered  rings,  and 
an  O  unit  contains  an  eight-membered  ring  and  no  interstitial  atom.  The  {113}  defect  also  contains 
five-membered  rings.  Figure  1  shows  the  charge  distribution  of  the  \IO\  model  calculated  by  the  ab 
initio  method  [7].  The  recent  electronic  computations  of  the  extended  defects  based  on  the  atomic 
structure  data  have  shown  that  the  reconstructed  extended  defects  yield  the  defect-localized  states 
(DLS)  near  the  valence-  and  conduction-  band  edges  and  inside  the  valence  band  [8]. 


Experimental. 
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Fig.  1:  The  charge  distribution  of  the  \IO\  model  calculated  by  ab  initio  method. 


Disk  of  3  mm  in  diameter  and  0.27  mm  in  thick  was  prepared  from  P  doped  Cz-Si  (110)  wafer  by 
ultrasonic  drill.  The  center  of  disk  was  mechanically  thinned  using  dimpling  machine  and  chemically 
perforated  in  a  mixed  solution  of  HF:HN03=5:32.  Carbon  (99.99%  in  purity)  was  evaporated  on  one 
side  of  the  disk  in  vacuum  of  lO'^  torr  in  order  to  promote  the  nucleation  of  the  defects.  The  sample 
was  then  irradiated  by  2  MeV  electrons  with  a  dose  of  10“  electrons/cm^  at  425  °C  in  a  2  MeV  high 
voltage  electron  microscope.  The  flux  was  about  10^®  electrons/cm^  s.  After  the  electron  irradiation, 
both  side  of  the  disk  were  etched  carefully  by  Ar  ions  with  an  accelerating  voltage  of  3  kV  to  locate  the 
produced  defects  in  a  thinner  part  with  a  thickness  of  about  10  nm.  The  sample  was  examined  using 
200  keV  microscopes,  JEM2000EX  and  JEM2010  before  the  EELS  measurements. 

EELS  measurements  were  performed  using  a  specially  developed  high-resolution  EELS  microscope 
which  is  equipped  with  a  thermal-type  field  emission  gun  as  an  electron  source  and  the  double-focus 
Wien  filters  as  a  monochromator  and  an  analyzer  [9].  The  energy  resolution  was  0.1  eV  and  the 
incident  electron  energy  was  60  keV  in  this  experiments.  Imaging  system  of  the  EELS  microscope  is 
based  on  a  JEM1200EX  transmission  electron  microscope.  The  energy  dispersive  spectra  of  electrons 
transmitted  through  the  sample  were  obtained  using  the  parallel-recording  system  with  a  charge- 
coupled  device  (CCD)  detector.  The  collection  semiangle  was  2.5  mrad  which  corresponds  to  the 
momentum  transfer  of  2.9/nm.  The  electron  probe  was  180  nm  in  diameter. 


Results  and  discussion. 

Figure  2-a  shows  the  loss-functions  from  the  defect  region  and  the  perfect  region.  The  intense  zero- 
loss  peak  was  subtracted  from  the  observed  EELS  spectrum  and  the  Fourier-log  deconvolution 
method  leaded  to  the  single-scattering  distribution  (SSD)  of  energy  loss  spectrum.  Then,  the  SSD  was 
normalized  and  the  loss-function,  Im[-l/e]  was  deduced  using  the  refractive  index,  n  =  3.35  for  sili¬ 
con.  The  loss  function  of  defect  region  around  3-4.5  eV  is  intenser  than  that  of  perfect  region.  Imagi¬ 
nary  parts  of  the  dielectric  functions  were  obtained  through  Kramers-Kronig  analysis.  Two  peaks  are 
clearly  observed  at  2-2.5  eV  and  about  4.5  eV. 
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Fig.  2:  (a)  The  experimentally  obtained  loss  functions  and  (b)  the  imaginary  parts  of 

dielectric  functions  obtained  through  Kramers-Krong  analysis.  Energy  resolution  is  0. 1 
eV. 


Applying  the  transferable  semi-empirical  tight-binding  method  [10,  11],  we  calculated  the  relaxed 
atomic  configurations,  the  band  structures  and  the  joint  density  of  states  (JDOS)  for  both  the  perfect 
and  the  defect  structures. 

JDOS,  J{E)  is  given  by  the  following  equation, 

k  i.j 

where  Ef{k)  and  Ej{k)  represent  the  energy  of  the  i-th  conduction  band  and  the  j-th  valence  band  at 

the  particular  fc-point.  For  the  defect  structure,  the  weighted  JDOS,  J'{E)  was  calculated  using  the 
equation, 

J'iE)  =  'ZJ^P^{k)P;{k)5[E^{k)-E]{k)-E] . 

k  i.j 

Herein  P'{k)  is  the  localization  factor  which  describes  the  probability  that  the y-th  valence  band  state 
is  at  the  core  area  of  the  defect  structures.  That  goes  for  P^{k),  too. 

It  is  well  known  that  the  method  well  reproduces  the  structure  of  the  valence  band  and  the  shape  of  the 
dispersion  of  the  lower  part  of  the  conduction  band.  However,  the  width  of  the  band  gap  is  poorly 
estimated  as  2.2  eV.  The  defect  structures  of  both  1/01  and  I//OI  models  were  examined  by  the  super¬ 
cell  method.  The  numbers  of  atoms  in  an  unit  cell  were  90  and  136  for  the  l/OI  and  1/701  models, 
respectively.  Super-cells  of  perfect  crystal  which  are  almost  equivalent  to  the  l/OI  and  I//OI  models 
were  also  examined  as  reference.  JDOS  was  calculated  at  the  12  special  fc-points.  Thirty  and  forty  six 
atoms  in  an  unit  cell  were  defined  as  core  region  of  the  defect  for  l/OI  and  I//OI  model,  respectively. 
The  calculated  JDOS  and  DOS  were  convoluted  by  the  gaussian  function  with  a  width  of  0. 1  eV  or  0.2 
eV. 

Ab  initio  calculation  of  the  l/OI  model  was  performed  based  on  the  density  functional  theory.  We 
adopted  the  TM-type  pseudopotential  [12]  and  the  plain-wave  basis  with  a  energy-truncation  of  35 
Ry.  The  atomic  configuration  was  determined  by  the  lattice  relaxation  procedure  using  the  two  special 
k-point,  and  then  the  electronic  structure  was  calculated.  The  atomic  configurations  determined  by  the 
tight-binding  and  ab  initio  methods  were  almost  the  same.  The  minimum  band  gap  was  underesti¬ 
mated  as  about  0.5  eV,  while  the  structures  of  both  the  valence  and  conduction  bands  were  well 


550 


Defects  in  Semiconductors  -  ICDS-19 


reproduced  by  the  method.  The  defect  structure  of  the  \IO\  model  was  examined  by  the  super-cell 
method.  The  calculations  of  the  JDOS  were  performed  at  six  special  A:-points  in  the  Brillouin  zone  of 
the  supercell. 


The  imaginary  part  of  the  dielectric  function,  of  perfect  crystalline  silicon  was  calculated  using  the 
following  expression  [13,  14]  for  the  vertical  interband  transitions. 


/(.jt  \k) 

,  ,  \  m  I 

Im£„„(m)  =  — - — X2j7-j—=r7^ 


^EXk)-E,ik)-nco]. 


We  also  calculated  the  of  perfect  crystalline  silicon  for  nonvertical  interband  transitions. 

It  could  be  reasonable  to  identify  the  first  peak  to  the  direct  nonvertical  interband  transitions  between 
the  parallel  bands  from  F-point  and  L-point  because  the  vertical  gap  of  crystalline  silicon  is  near  3  eV. 
However,  no  structure  appears  in  the  corresponding  region  of  the  JDOS  calculated  by  the  tight-bind¬ 
ing  method  (at  about  3-3.5  eV  in  Fig.  3-a,b)  and  ab  initio  method  (at  about  1 .5-2  eV  in  Fig.  3-c).  The 
imaginary  part  of  the  dielectric  functions  were  calculated  for  both  vertical  and  nonvertical  interband 
transitions  for  perfect  crystalline  silicon  by  the  ab  initio  method  and  shown  in  Fig.  4.  Likewise,  no 
structure  appears.  The  second  peak  (4.5  eV)  of  the  experimental  data  can  be  reproduced  in  calcu¬ 
lated  by  the  ab  initio  method  (4.2  +  0.6  =  4.8  eV). 

The  experimentally  obtained  of  the  defect  region  differs  from  that  of  the  perfect  region  in  following 
two  points.  First,  the  first  peak  is  shifted  to  lower  energy  side.  Second,  it  has  a  broad  swelling  around 
5  -  10  eV.  JDOS  calculated  by  tight-binding  method  shows  the  increase  of  the  JDOS  from  2  to  5  eV 
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Fig.  3:  Joint  density  of  states  calculated  using  the  tight-binding  method 

for  both  (a)  the  \IO\  and  (b)  I//OI  model,  and  (c)  by  the  ab  initio  method  for  the 
defect  structures  of  the  \IO\  model  compared  with  that  for  the  defect-free 


structure. 
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Fig.  4:  Theoretically  calculated  imaginary  part  of  dielectric  func¬ 

tion  of  perfect  crystalline  silicon  by  the  ab  initio  method  for  vertical 
transitions  and  nonvertical  transitions. 


(Fig.  3-a,b).  However,  JDOS's  calculated  for  the  \IO\  model  by  the  ab  initio  method  have  little  differ¬ 
ence  (Fig.  3-c).  The  result  of  the  ab  initio  calculation  should  be  reliable  because  this  method  also  well 
reproduces  the  conduction  band  in  addition  to  the  valence  band.  The  JDOS  should  not  be  sufficient  to 
analyze  the  shape  of  the  specific  peak  because  it  reproduces  no  peak,  while  it  is  useful  only  for  the 
discussion  of  the  rough  feature  of  a  whole  spectrum. 

It  is  reported  that  the  defect-localized  states  (DLS)  exist  at  the  band  edges  [8].  Transitions  between 
DLS  in  valence  band  and  DLS  in  conduction  band  should  be  emphasized  because  of  the  overlap  of 
their  wave  functions  in  the  real  space.  However,  as  mentioned  above,  the  first  peak  in  the  experimen¬ 
tally  obtained  can  not  be  explained  fully  by  our  theoretical  calculations.  Nonvertical  transitions 
between  DLS's  at  the  top  of  valence  band  and  the  bottom  of  conduction  band  is  a  tentative  explanation 
of  the  enhancement  of  this  peak.  The  origin  of  the  second  feature  is  not  drawn  yet.  Concerned  about 
the  peak  at  about  4.5  eV,  which  should  be  identified  to  the  vertical  transitions  between  the  top  of  the 
valence  band  and  the  bottom  of  the  conduction  band,  no  shift  was  observed  between  two  spectra.  This 
is  consistent  with  the  JDOS  calculated  by  the  ab  initio  method. 


Summary. 

The  electronic  structure  of  silicon  containing  the  {113}  extended  defects  was  studied  by  the  high- 
resolution  transmission  EELS  and  the  theoretical  calculations.  The  change  of  was  detected  for  the 
first  time  in  this  study.  The  tentative  identification  of  the  change  of  of  defect  structure  is  the 
nonvertical  transitions  between  DLS's  at  the  band  edges.  The  calculated  JDOS  is  so  broad  and  no  peak 
due  to  the  van  Hove  singularity  is  produced.  It  seems  that  JDOS  is  not  adequate  for  the  detail  analysis 
of  a  specific  peak  in  the  case  of  silicon. 
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Abstract.  Silicon  thin  foils  are  irradiated  by  electrons  in  an  ultra-high  vacuum  (UHV)  environment 
(1.0  X  10  ’ Pa).  We  have  found  that  electron  irradiation  yields  the  novel  nanometer-sized  structures 
on  an  electron  exit  surface;  an  array  of  holes  2  to  3  nm  in  diameter  and  several  nm  deep.  The 
irradiation  temperature  is  needed  to  be  below  300°C.  The  holes  are  formed  regardless  of  the 
surfaces,  i.e.  {Ill}  and  (110)  and  of  the  type  of  specimens,  CZ  and  FZ.  We  have  also  studied 
the  effect  of  impurities  on  the  formation  of  electron-irradiation-induced  defects.  It  is  found  that 
the  nucleation  and  growth  of  the  {113}  defects  are  promoted  after  the  Oj  gas  is  injected  in  a  UHV 
specimen  chamber. 

Introduction. 

Electron  irradiation  has  been  utilized  in  the  studies  of  defects  in  semiconductors.  Even  though  the 
precise  knowledge  is  accumulated  about  the  defects  created  inside  crystal  by  electron  irradiation, 
much  less  has  been  described  about  the  contribution  of  surfaces  to  the  electron-irradiation-induced 
phenomena.  In  particular,  the  surfaces  of  silicon  are  usually  covered  with  oxide  or  contaminated 
under  a  conventional  vacuum  environment,  and  thus  the  effects  of  electron  irradiation  in  silicon 
have  never  been  entirely  examined.  We  have  applied  the  ultra  high  vacuum  (UHV)  transmission 
electron  microscopy  (TEM)  to  this  subject.  We  present  our  finding  of  the  novel  phenomenon  in 
nanometer  dimension  involving  point  defects  on  surfaces.  We  also  show  that  the  impurities  on 
surfaces  affect  the  electron-irradiation-induced  phenomena:  The  Oj  gas  is  introduced  in  the  UHV 
chamber  during  electron  irradiation,  and  the  nucleation  and  growth  of  the  {113}  defects  are 
pursued  by  in-situ  UHV-TEM. 

Experimental  Procedures. 

Discs  of  Si,  3mm  of  diameter  were  mechanically  prepared  using  an  ultrasonic  drill.  The  center  of 
a  disc  was  dimpled  and  then  etched  in  the  mixed  solution  of  HNOj  and  HE.  The  specimens  are 
non-doped  FZ  {111}  and  CZ{  1 10}  Si.  The  disc  was  heated  in  a  pre-treatment  chamber  of  a 
UHV-TEM  (Jeol  JEM2000FXV)[1]  by  illumination  of  infrared  light  at  about  1200°C  for  several 
minutes.  The  heating  process  provided  the  thermally  etched  flat  terraces  on  both  sides  of  the  disc 
and  consequently  a  number  of  parallel-sided  thin  slabs  of  10  to  several  100  nm  in  thick  were 
created.  The  base  pressure  in  the  UHV-TEM  was  estimated  to  be  1.0  x  10 Pa.  The  electron 
energy  for  irradiation,  was  141, 160  and  200keV.  The  electron  flux  in  irradiation  was  equal  to 
3.5  X  10  ”  e  cm  ’  s  '  .  The  specimen  temperature  during  irradiation,  T,  was  set  at  200,  300, 400 
and  500°C  .  While  Oj  flowed  in  the  specimen  chamber  in  order  to  modify  surfaces  of  a 
specimen,  the  estimated  pressure  was  kept  to  be  5.0x10’’ Pa.  The  thicknesses  of  the  observed 
slabs  were  measured  by  convergent  beam  electron  diffraction  technique  using  a  conventional  TEM 
(Jeol  JEM20 10)  after  the  UHV-TEM  observations.  The  thicknesses  in  the  following  observations 
ranged  from  30  to  50nm,  and  no  change  was  yet  found  in  experimental  results  depending  on  the 
thickness. 
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Surface  control  of  Si  specimens  in  UHV-TEM. 

Figure  1  shows  a  bright-field  UHV-TEM  image  of  a  slab  before  electron  irradiation.  Clearly,  the 
slab  exhibits  the  transmission  electron  diffraction  spots  from  the  clean  surface  of  Si  7x7  (111). 
The  surface  reconstruction  cannot  be  observed  in  a  conventional  TEM. 


Fig.  1  (a)  TEM  image  of  a  slab  and  (b)  the  transmission  electron  diffraction  pattern  from  the 

slab,  observed  before  electron  irradiation. 

Formation  of  nanoholes. 

We  have  found  that  nanometer-sized  holes  are  formed  on  Si  surface  by  electron  irradiation  in 
UHV  environment.  Figure  2  depicts  the  nanoholes.  The  contrast  of  the  nanoholes  varies  with 
the  focus  condition  of  the  TEM  objective  lens.  The  bright  rings  (Fig.  2  (a))  are  observable  at  an 
under-focussed  condition  (about  300nm),  while  the  same  rings  appear  to  be  dark  (Fig.  2(b))  at  an 
over-focussed  condition  (about  300nm).  The  variation  arises  from  the  Fresnel  diffraction  effect, 
and  accordingly  we  are  assured  that  hollow  spaces  are  created  either  inside  the  thin  foil  or  at  the 
surfaces.  Furthermore,  a  stereo  TEM  microscopy  observation  clarifies  that  the  ring-contrasts 
locate  near  or  at  the  electron  exit  surface.  Figure  3  shows  the  post-irradiation  observation,  using 
conventional  TEM.  The  area,  irradiated  with  the  electron  beam  along  <1 10>,  was  observed  in 
three  other  directions.  Clearly,  the  ring-contrasts  observed  along  <1 10>  in  Fig.  3(a)  are 


Fig.  2  Nanoholes  with  grooves  on  a  Si  surface  (£r=141keV,  rr-200  C,  CZ-Si  (1 10)  ).  The 
image  in  (a)  was  taken  at  the  under-focused  condition,  and  the  image  in  (b)  ,  at  the  over-focused 
condition. 
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slightly  elongated  in  the  oblique  views  (Fig.  3(b),  (c),  (d)).  These  geometrical  analyses  have  led 
to  a  conclusion  that  the  holes  of  2  to  3  nm  in  diameter  and  5  to  10  nm  deep  are  created  on  the 
electron  exit  surface. 

The  array  of  nanoholes  is  created  by  not  the  focused  electron  beam,  which  has  been  utilized  for  the 
fabrication  of  nanometer-sized  structures  [2],  but  the  uniform  intensity  electron  beam.  The  beam 
covers  the  area  of  about  lOOnm  in  diameter  during  electron  irradiation.  At  the  early  stage,  the 
fuzzy  spot-contrasts  appear  in  the  irradiated  area,  and  then  the  contrasts  are  gradually  enhanced 
with  the  increase  of  irradiation  time.  The  spots  are  linked  by  the  fainter  band-like  contrasts.  The 
locations  and  sizes  of  these  contrasts  are  kept  unchanged  during  irradiation.  Figure  4  depicts  a 
UHV  high-resolution  (HR)-  TEM  image  of  an  area  after  electron  irradiation.  The  holes  are 
separated  by  6  nm  in  average  and  the  holes  exhibit  the  facets  of  {111}  and  {100}  which  are 
parallel  to  the  direction  of  the  electron  beam. 


Fig.  3  Bright  field  TEM  images  of  the  same  irradiated  area,  observed  with  different  incident 
beam  directions  (£'r=200keV,  7'r=  200°C  ,  CZ-Si  (110)).  Observation  along  the  irradiation 
direction,  <1 10>  in  (a).  Tilting  the  specimen  around  the  rotation  axes  marked  by  the  arrows,  the 
same  area  is  observed  along  the  <100>  in  (b),  <1 1 1>  in  (c)  and  <1 12>  in  (d). 


Fig.  4  Nanoholes  observed  by  UHV-HRTEM  (£r=  200keV,  7’r=200°C,  CZ  Si  (110)). 


The  number  of  holes  The  number  of  holes 
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We  summarize  the  experimental  condition  that  the  phenomenon  can  be  observed  [3],  First,  the 
array  of  the  nanoholes  forms  only  in  UHV  environment.  After  we  observed  the  formation  of  the 
nanoholes,  the  Oj  gas  was  injected  in  the  UHV  specimen  chamber  and  the  irradiation  proceeded  on 
a  different  area  in  the  same  specimen.  We  found  that  the  generation  of  the  holes  was  very 
suppressed.  The  pressure  at  the  specimen  during  the  flow  of  Oj  was  comparable  to  that  in  a 
conventional  TEM,  i.e.  5.0  x  16’  Pa.  Then,  we  interrupted  the  flow  of  ,  and  the  irradiation 
commenced  on  another  area  in  the  same  specimen  under  the  restored  pressure  better  than  5  x  10  ’ 
Pa.  The  holes  were  created  again.  Second,  the  array  is  formed  by  irradiation  of  electrons  whose 
energy  ranges  from  141  to  200keV.  Apparently,  the  phenomenon  is  irrelevant  to  the  Frenkel 
pairs  created  inside  crystal  by  electron  irradiation.  When  the  specimens  were  irradiated  by 
electrons  whose  energy  exceeds  the  threshold  energy  of  the  Frenkel  pairs  (160  and  200keV),  the 
nanoholes  were  created  as  well  as  the  numerous  (113)  planar  interstitial  defects  inside  crystal. 
Due  to  the  restriction  on  the  accelerating  voltages  of  electrons  in  the  UHV-TEM,  we  have  not  yet 
determined  the  threshold  energy  of  the  nanohole  formation.  Third,  the  irradiation  temperature  is 
needed  to  be  below  300°  C.  Figure  5  summarizes  the  size  distribution  of  the  holes  depending 
on  various  experimental  conditions.  As  shown  in  Fig.  5(a)  and  (b),  the  formation  of  the 
nanoholes  is  almost  suppressed  at  300°  C.  Actually,  we  have  never  observed  the  holes  above 
400°  C.  Lastly,  the  holes  are  generated  regardless  of  the  surfaces,  i.  e.  ( 1 1 1 }  and  { 1 10 }  and  the 
content  of  oxygen,  i.  e.  FZ  and  CZ  (Fig.  5(a)  and  (c)). 


Diameter  of  holes  (nm)  Diameter  of  holes  (nm) 


Fig.  5  Size  distribution  of  nanoholes  depending  on  various  experimental  conditions.  The  specimens 
received  the  same  dose,  i.  e.  3.1  x  itf"*  cm  ’ . 

We  discuss  the  generation  mechanism  of  the  holes  [3].  It  is  natural  to  assume  that  a  large  number 
of  vacancies  are  accumulated  near  and  at  the  electron-exit  surface  due  to  sputtering  of  atoms  [4]. 
Considering  the  distribution  of  vacancies  and  atoms  on  a  surface,  we  connect  a  two  dimensional 
Ising  model  to  the  surface  system.  According  to  the  picture,  surface  vacancies  form  clusters  at 
lower  temperatures,  while  at  higher  temperatures  the  random  distribution  of  surface  vacancies  is 
expected.  This  interprets  the  temperature  dependence  of  the  nanohole  formation  (Fig.  5).  Below 
the  critical  temperature,  we  expect  a  spinodal  instability  in  the  system,  with  which  a  morphology 
of  vacancy  clusters  evolves  in  time.  The  micro-structures  driven  by  the  spinodal  decomposition 
and  the  related  instability  can  be  observable  in  several  metallic  alloys.  A  computation  based  on 
the  Monte-Carlo  simulation  reproduce  the  qualitatively  similar  patterns  of  the  holes.  Hence,  we 
suggest  that  the  spacial  pattern  of  the  holes  is  attributed  to  "spinodal  decomposition"  involving 
the  accumulated  surface  vacancies  in  the  steady  state  under  the  uniform  intensity  electron  irradiation. 
The  flow  of  Oj  (Fig.  5(b) )  gives  rise  to  the  oxygen  absorbed  surface,  and  thus  prevents  the  surface 
vacancies  migrating  freely.  Consequently,  the  formation  of  the  patterns  is  interrupted. 
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The  subsequent  irradiation  in  UHV  induces  further  sputtering  to  expose  the  surfaces  of  lower 
energy  as  the  walls  of  a  hole.  Once  the  initial  morphology  is  set  up,  the  holes  may  be  deepened 
under  irradiation,  since  the  surface  vacancies  must  flow  preferentially  from  the  higher  surface  to 
the  lower  (or  bottom)  surfaces  of  the  holes  along  the  wall  of  the  holes.  The  formation  of  grooves 
may  be  caused  by  the  preferential  sputtering  at  the  surface  steps. 

Effects  of  O2  on  the  {113}  defect  formation. 

It  is  well  known  that  electron  irradiation  introduces  the  {113}  planar  defect  in  Si  and  Ge.  A 
question  has  still  remained  about  the  nucleation  and  growth  rates  of  the  defects.  Several  authors 
have  argued  that  impurities  such  as  carbon,  oxygen  etc.  affect  the  rates  [5,  6].  Even  though  the 
nature  of  the  defects  has  been  identified  to  be  of  self-interstitial  type  [7],  no  conclusive  data  has 
been  presented  about  the  effect  of  impurities.  The  most  serious  defect  in  the  previous  studies 
arises  from  the  uncontrolled  surfaces  of  a  thin  crystal,  and  therefore  the  unintentional  contamination 
was  probably  involved. 


In  UHV  environment,  on  the  other  hand,  we  provide  the  silicon  thin  slabs  whose  surface 
structures  are  well  controlled  as  shown  in  Fig.  1.  Electron  (200keV)  irradiation  was  performed 
on  the  slabs  at  400  and  500°C.  Numerous  {113}  defects  were  created  by  electron  irradiation  in 
UHV  environment  (Fig.  6(a)).  The  number  of  defects  increases  continuously  with  the  increase  of 
irradiation  time.  After  the  first  irradiation  was  terminated,  the  Oj  gas  was  injected  and  flowed 
in  the  specimen  chamber.  The  irradiation  under  the  flow  of  Oj  was  performed  on  another  area  on 
the  same  slab.  This  procedure  ensures  that  the  specimen  temperature  and  thickness,  which  may 
affect  greatly  the  nucleation  and  growth  of  the  defects,  were  kept  nearly  constant  in  the  experiment. 
Just  after  Oj  was  injected,  the  nucleation  of  the  observable  defects  by  TEM  was  extremely 
promoted.  The  number  of  the  defects  was  counted  and  shown  in  Fig.  6.  The  similar  experimental 
procedure  was  repeated  on  other  discs,  which  possess  the  slabs  of  different  thickness  and  crystal 
bent,  and  it  is  found  that  the  nucleation  of  the  defects  was  always  promoted  under  the  flow  of  Oj 
as  summarized  in  Fig.  6  (b)  [8].  After  the  promoted  defect  nucleation  was  observed,  we  terminated 
the  flow  of  Oj  and  proceeded  irradiation  again  in  UHV  environment.  The  promoted  nucleation 
was  not  suppressed  promptly  in  contrast  to  the  nanohole  formation  on  the  surface  as  described 
above.  Therefore,  the  result  indicates  that  oxygen  affects  the  nucleation  and  growth  of  the  {113} 
defects,  which  may  be  thermally  diffused  and  impinged  by  accelerated  electrons  from  the  surface 
into  a  thin  crystal. 


Fig.  6  (a)  UHV-HRTEM  image  of  a  { 1 13}  defect,  (b)  Promoted  nucleation  of  the  {113}  defects 
under  the  flow  of  O2  The  data  from  five  samples  are  compiled.  The  open  marks  represent  the 
data  in  UHV  and  the  closed  marks,  under  the  flow  of  Oj  All  the  data  were  taken  from  the 
{111}  samples,  except  the  {110}  sample  marked  by  the  lozenge. 
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It  is  well  known  that  electron  irradiation  in  Si  introduces  an  oxygen-vacancy  pair  (A-center)  [9]. 
The  enhanced  formation  of  the  centers  by  the  additional  oxygen  may  disturb  the  mutual  annihilation 
of  Frenkel  pairs  further,  and  interstitials  are  more  accumulated  in  a  thin  foil.  Consequently,  their 
agglomeration  is  promoted.  Alternatively,  the  agglomeration  of  self-interstitial  begins  after  the 
specific  core  structures,  involving  impurities  such  as  oxygen,  are  formed.  The  incubation 
period  was  accordingly  interpreted.  These  arguments  were  based  on  the  data  comparison 
between  CZ  and  FZ  silicon,  between  doped  and  undoped  silicon  and  between  the  furnace  annealing 
in  O2  ambient  and  in  vacuum.  The  intentional  contamination  of  impurities  has  been  attempted  not 
on  clean  surfaces  but  on  uncontrolled  oxidized  surfaces.  In  this  work,  we  have  demonstrated  that 
the  UHV-TEM  is  a  useful  means  of  describing  the  effects  of  impurities  on  the  growth  and 
development  of  the  extended  defects. 

Conclusion. 

We  have  applied  UHV-TEM  to  the  studies  of  electron  irradiation  effects  in  silicon  thin  foil.  We 
have  found  that  the  array  of  the  nanoholes  is  formed  on  the  electron  exit  surface  by  the  electron 
irradiation  in  UHV  environment.  The  nanoholes  may  be  utilized  for  the  future  microelectronic 
works.  We  have  also  observed  in  situ  the  effect  of  impurities  on  the  formation  of  electron- 
irradiation-induced  defects. 

References. 

[1]  E.  Bengu,  R.  Plass,  L.  D.  Marks,  T.  Ichihashi,  P.  M.  Ajayan  and  S.  lijima,  Phys.  Rev.  Lett.  77 
(1996)  4226. 

[2]  for  instance,  G.  S.  Chen,  C.  B.  Boothroyd  and  C.  J.  Humphreys,  Appl.  Phys.  Lett.  62,  1949 
(1993) . 

[3]  S.  Takeda,  K.  Koto,  S.  lijima  and  T.  Ichihashi,  submitted  (1997). 

[4]  D.  Cherns,  Surface  Science  90,  336  (1979). 

[5]  M.  Hasebe,  R.  Oshima  and  F.  E.  Fujita,  Jpn.J.  Appl.  Phys,  25  (1986)  159. 

[6]  M.  Reiche,  J.  Reichel  and  W.  Nitzshe,  phys.  stat.  sol.  al07,  851  (1988). 

[7]  S.  Takeda,  Jpn.  J.  Appl.  Phys.  30,  L639(1991) 

[8]  K.  Koto,  S.  Takeda,  T.  Ichihashi  and  S.Iijima,  to  be  published  in  Appl.  Phys.  Lett.  (1997). 

[9]  G.  D.  Watkins  and  J.  W.  Corbett,  Phys.  Rev.  121  (1961)  1001. 


Materials  Science  Forum  Vols.  258-263  (1997)  pp.  559-564 
©  1997  Trans  Tech  Publications,  Switzerland 


APPLICATION  OF  SPIN  DEPENDENT  RECOMBINATION  FOR  INVESTIGATION 
OF  POINT  DEFECTS  IN  IRRADIATED  SILICON 

M.M.Afanasjev*,  RXaiho^,  L.S.  Vlasenko*  and  M.P.  Vlasenko* 

*  A.FJoffe  Physico-Technical  Institute,  194021  St.-Petersburg,  Russia 
^  Wihuri  Physical  Laboratory  University  of  Turku,  FIN-20014  Turku,  Finland 

Keywords:  silicon,  point  defects,  spin  dependent  recombination,  electron  paramagnetic  resonance. 

Abstract.  A  high  sensitive  method  for  detection  of  the  magnetic  resonance,  based  on  spin 
dependent  change  of  the  microwave  photoconductivity,  was  applied  for  investigation  of  radiation 
defects  at  low  concentration  in  silicon.  Temperature  induced  change  of  symmetry  of  carbon  related 
centers  at  low  temperatures  (  4-30  K  )  and  new  spectra  originating  from  an  electron  pair  center  with 
a  small  exchange  constant  were  studied  in  pure  float-zoned  silicon.  In  oxygen  rich  silicon  irradiated 
at  high  temperatures  (360-420  °C)  a  new  spectrum  similar  to  that  of  an  oxygen-t-vacancy  complex 
was  found. 

Introduction 

Investigations  of  spin  dependent  recombination  (SDR)  in  irradiated  silicon  [1-4]  show  that  the  main 
cnannel  of  the  SDR  is  the  recombination  through  the  excited  triplet  states  of  radiation  defects. 
Magnetic  resonance  in  the  excited  triplet  states  leads  to  the  change  of  the  recombination  rate  of  the 
pliotoexcited  carriers  and,  consequently,  to  the  change  of  photoconductivity  of  samples.  Resonance 
induced  variation  of  photoconductivity  is  usually  detected  by  ordinary  electrical  methods  using 
electrical  contacts  and  by  a  contact  free  method  based  on  absorption  of  the  electrical  component  of 
microwave  field  by  photoexcited  carriers.  Sensitivity  of  the  contact  free  method  allows  to  detect 
electron  paramagnetic  resonance  (EPR)  spectra  of  the  recombination  centers  at  concentrations  four 
orders  lower  than  the  concentration  needed  for  usual  EPR  method.  Using  this  method  EPR  spei  tva 
of  the  excited  triplet  states  of  a  carbon  related  center  [1,4],  a  phosphorus-t-vacancy  complex  [2],  and 
a  divacancy  [3]  have  been  found.  It  has  been  shown  [5]  that  SDR  induced  change  of 
photoconductivity  takes  place  not  only  at  the  magnetic  resonance  conditions  but  at  the  specific 
points  of  the  magnetic  level  structure  like  the  anticrossing  points  of  magnetic  sublevels  of  triplet 
states  and  gives  additional  information  about  parameters  and  structure  of  the  recombination  centers. 
It  is  expected  that  SDR  based  methods  will  be  useful  for  investigation  of  point  defects  in 
semiconductors  when  the  usual  EPR  methods  are  not  applicable. 

In  the  present  paper  we  report  results  of  the  investigations  of  the  SDR-EPR  spectra  of  paramagnetic 
recombination  centers  at  low  concentration  when  the  defects  are  produced  by  low  dose  irradiation 
and  by  irradiation  at  high  temperatures. 

Experimental 

The  samples  were  prepared  from  crystalline  wafers  of  float-zoned  (FZ)  n-type  (300  Q-cm)  and 
crucible  grown  oxygen  rich  p-type  (10  Q-cm)  silicon.  The  samples  were  irradiated  by  IMeV 
electrons  with  doses  varied  from  5-10’*  to  2- 10*’  cm'*.  Irradiation  was  made  at  room  temperature 
and  at  higher  temperatures  within  the  range  of  150  -  420  °C. 

Spectra  of  the  SDR  induced  change  of  the  microwave  photoconductivity  of  samples  were  detected  in 
the  temperature  range  of  4  -  300  K  by  a  X-band  EPR  spectrometer  with  microwave  power  below 
400  mW.  The  samples  were  illuminated  by  a  100  W  halogen  tungsten  lamp.  The  change  of 
photoconductivity  at  the  magnetic  fields  corresponding  to  EPR  transitions  and  to  the  crossing  of 
magnetic  sublevels  of  paramagnetic  recombination  centers  was  detected  as  a  variation  of  the  Q- 
factor  of  the  cavity. 
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The  second  derivative  signals  were  recorded  over  a  wide  magnetic  field  scan  range  using  modulation 
frequencies  of  100  KHz  and  100  Hz.  This  allows  to  reduce  the  strong  background  originating  from 
the  magnetoresistance  and  cyclotron  resonance  lines. 

Results  and  Discussion 

Temperature  transformation  of  the  symmetry  of  the  Cs  -Sii  -  Cs  complex  in  silicon. 

It  was  found  that  Substitutional  Carbon  -  Interstitial  Silicon  -  Substitutional  Carbon  (  Cs  -  Sii  -  Cs ) 
complex  gives  the  main  contribution  to  the  SDR  process  in  irradiated  FZ  silicon.  A  strong  SDR-EPR 
spectmm  with  trigonal  symmetry  ( Si-PTl )  of  the  excited  triplet  state  of  this  defects  is  observed  in  a 
wide  temperature  range  of  20  -  120  K.  At  low  temperatures  (  4  -  10  K  )  SDR-EPR  spectrum  of 
monoclinic  symmetry  was  found.  These  spectra  are  shown  in  Fig.l(a,b).  When  the  temperature 
increases  from  4  K  to  30  K  the  spectrum  of  monoclinic  symmetry  decreases  gradually  and  the 
trigonal  spectrum  increases. 

Two  carbon  atoms  in  the  (Cs  -  Si,  -  Cs )  -  complex  occupy  neighboring  substitutional  positions  on 
<1 1 1>  axis.  Silicon  atom  (Si, )  is  localized  on  the  C  -  C  bond  with  a  displacement  from  <1 1 1>  axis 
so  that  the  defects  have  monoclinic  symmetry  at  low  temperatures.  This  model  has  been  deduced 
from  the  optically  detected  magnetic  resonance  (ODMR)  spectrum  of  monoclinic  symmetry  detected 
at  temperatures  T  <  30  K  [7,8].  The  ODMR  spectrum  and  spectrum  detected  by  SDR  induced 
change  of  microwave  photoconductivity,  shown  in  Fig.  1(a),  are  described  by  the  spin  Hamiltonian 
with  the  same  parameters.  At  higher  temperatures  the  thermally  activated  motion  of  a  Si,  atom 
around  the  <11 1>  axis  leads  to  transformation  of  the  symmetry  of  the  defect  from  monoclinic  to 
trigonal.  This  transformation  has  been  observed  by  the  ODMR  method  [7].  It  has  been  supposed  [8] 
that  trigonal  Si-PTl  spectrum  is  a  transformed  ODMR  spectrum  of  the  monoclinic  symmetry. 
Simultaneous  detection  of  both  monoclinic  and  trigonal  SDR-EPR  spectra  and  investigations  of  their 
intensity  and  symmetiy  transformations  in  the  temperature  range  of  4-30  K  allow  us  to  confirm  this 
supposition  and  to  determine  the  activation  energy  Ea  of  the  motion  of  the  Si,  atom  around  the 
<lll>axis. 

The  energy  E,  can  be  determined  in  two  ways.  The  first  one  is  based  on  determination  of  the 
temperature  T.  at  which  the  lines  of  the  averaged  trigonal  spectrum  appear  between  the  lines  of  the 
low  symmetry  spectrum  separated  by  AB  (see.  Fig.  1(a)).  This  takes  place  when  the  motional 


Fig.  1  SDR-EPR  spectra  detected  in  electron  Fig.2  Arrhenius  plots  of  In(Af) 

irradiated  FZ  silicon  at  different  temperatures.  (curve  1)  and  ln(l)  (curve  2)  vs  1/Ta . 
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frequency  fm=  t  exp  (Ea/kT)  is  comparable  with  a  frequency  Af  =  g  p  AB  /  h  which  depends  on  the 
angle  between  the  magnetic  field  B  and  the  <1 1 1>  crystal  axis  ( g  is  the  g-factor,  P  -  Bohr  magneton, 
and  h  -  Plank’s  constant ).  The  temperature  T,  can  be  found  for  different  orientations  of  the  crystal 
in  the  magnetic  field,  and  consequendy  for  different  Af.  The  Arrhenius  plot  of  In(Af)  vs  1/Ta ,  shown 
in  Fig.2  (curve  1),  gives  the  slope  of  the  straight  line  corresponding  to  Ea  =  ( 0.0086  ±  0.0004 )  eV. 
Using  the  second  method  we  find  the  activation  energy  from  the  temperature  dependence  of  the 
amplitude  ( I )  of  the  lines  of  the  monoclinic  spectrum.  The  plot  of  In  (I)  vs  1/T  shown  by  curve  2  in 
Fig.2  gives  the  same  activation  energy  within  the  error  limits. 

Several  new  SDR-EPR  spectra  were  found  in  the  same  samples  at  higher  temperatures.  One  of 
them,  labeled  Si-WLl,  is  shown  in  Fig.  1(c).  This  spectrum  has  a  monoclinic  symmetry  and  is 
observed  in  a  narrow  temperature  range  of  30-50  K.  Other  spectra  are  observed  at  T  >  50  K  and 
they  could  be  described  separately.  Here  we  discuss  the  spectrum,  labeled  Si-WL2,  which  is 
detected  in  a  wide  temperature  range  up  to  room  temperature. 

Two  electron  exchange  interaction  detected  by  SDR. 

The  lines  of  the  spectrum  Si-WL2  detected  by  SDR  induced  change  of  microwave  photoconductivity 
in  different  ranges  of  the  magnetic  field  B  (at  the  same  microwave  frequency  of  9.028  GHz)  are 
shown  in  Fig.3  (b,c,d,).  The  lines  (c)  originate  from  the  EPR  transitions  and  are  observed  at  the 
magnetic  field  B  around  322  mT  corresponding  to  the  g-factor  about  2.  Angular  dependencies  of  the 
positions  of  the  lines  (c)  are  shown  in  Fig.4(a)  (dots).  The  lines  shown  in  Fig.3(d)  were  found  at  the 
magnetic  field  approximately  twice  higher  than  the  field  for  the  lines  (c).  Angular  dependencies  of 
these  high  field  lines  (see  Fig.4(b))  exhibit  a  trigonal  symmetry. 

Two  significant  features  of  high  field  lines  were  found.  First,  the  positions  of  these  lines  do  not 
depend  on  microwave  frequency.  The  second  important  feature  is  the  strong  temperature 
dependence  of  the  position  of  this  high  field  spectrum  in  the  magnetic  field  whereas  their  symmetry 
and  the  fine  structure  splitting  do  not  depend  on  temperature.  Within  the  temperature  range  4  -  30  K 
this  spectrum  is  observed  around  B  =  615  mT.  At  room  temperature  it  is  shifted  to  B  =  440  mT. 


Fig.3  Energy  levels  for  a  two  electron  system  in  a 
magnetic  field  (a)  and  SDR  lines  ( b,c,d )  detected  in 
electron  irradiated  FZ  silicon  for  B  ||  <1 1 1> 
andT=125K. 
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Fig.4  Angular  dependences  of  the 
high  field  spectrum  (a)  and  spectrum 
corresponding  to  the  SDR-EPR 
transitions  (b)  at  T  =  125  K. 
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This  allows  us  to  conclude  that  the  high  field  SDR  spectrum  does  not  originate  from  the  EPR 
induced  transitions  between  magnetic  levels  of  the  paramagnetic  recombination  center  but  rather 
from  specific  points  of  the  magnetic  level  structure,  similar  to  the  lines  observed  earlier  [1,5]  at  the 
anticrossing  points  of  the  magnetic  levels  of  triplet  centers.  We  can  suppose  that  the  detected  spectra 
originate  from  defects  containing  two  electrons  with  a  weak  exchange  interaction  comparable  with 
the  Zeeman  energy. 

To  describe  the  angular  dependences  of  the  observed  SDR  speetra  we  shell  consider  a  simple  model 
of  defect  including  two  interacting  identical  electrons  localized  on  points  of  trigonal  symmetry  in  the 
silicon  lattice.  The  Hamiltonian  taking  into  account  the  Zeeman  interaction  between  the  applied 
magnetic  field  B  and  the  electron  spins  Si  and  Si ,  the  isotropic  exchange  interaction,  J  Si  Si ,  and 
the  anisotropic  dipole-dipole  interaction.  Si  D  Si ,  where  D  is  a  symmetric  traceless  tensor,  can  be 
v,Titten  in  the  form 

//  =  P-B  B  giSi  +  Pb  B  gi  Si  +  J  Si  Si  +  Si  D  Si .  ( 1 ) 

We  assume  that  the  g-tensors  of  the  electrons  are  identical  ( gi  =  gj  =  g  )  and  have  trigonal  symmetry 
defined  by  the  components  gy  and  gx.  The  D-tensor  is  also  assumed  to  be  trigonal  and  defined  by  one 

parameter  D.  .  .  ■  ■  e 

The  energy  levels  corresponding  to  the  Hamiltonian  (1)  are  shown  in  Fig. 3(a).  The  anticrossing  o* 
the  T®  and  T '  levels  may  be  expected  in  a  magnetic  field  Bac  •  Indeed,  two  lines  were  obser/el 
symmetrically  around  B  =  0  at  Bac  =  ±  0.85  mT  for  the  orientation  of  B  ||  <1 1 1>  (see  Fig.3(b)). 
With  increasing  the  angle  between  B  and  <1I1>  axis  they  disappeared  gradually.  Such  angular 
dependence  is  specific  for  the  change  of  photoconductivity  due  to  anticrossing  of  levels  [1,5].  From 
tlie  value  of  Bac  the  parameter  D  =  ±  23.8  MHz  could  be  determined. 

Angular  dependencies  of  both  spectra  shown  in  Fig.4  by  solid  lines  were  calculated  from  the 
Hamiltonian  (1)  with  the  parameters  gy  =  2.0027  ±  0.0002  ,  gi  =  2.01 17  ±  0.0002  ,  J(T=125  K)  - 
16570  MHz,  and  D  =  23.8  MHz  .  The  best  fit  with  the  experimental  data  in  Fig.4  requires  the  same 
sign  of  J  and  D.  If  we  suppose  that  J  >  0,  corresponding  to  the  ground  singlet  state,  the  D  constari 
must  be  positive.  Because  all  lines  of  the  SDR  induced  change  of  microwave  photoconductivity  are 
observed  in  the  same  temperature  region  up  to  room  temperature  and  their  angular  dependences  are 
well  described  by  the  same  parameters  of  the  spin  Hamiltonian  we  can  conclude  that  they  arise  from 
the  same  defect. 

It  should  be  noted  that  lines  corresponding  to  EPR  transitions  (see  Fig.3(c))  show  strong  angular 
dependence  of  the  intensity,  so  that  not  all  orientations  of  the  defects  could  be  observed.  This  is  a 
common  feature  of  the  spectra  detected  by  the  SDR  method  [1-4  ]. 

The  signs  of  the  anticrossing  line  (see  Fig.3(b))  at  B  =  Bac  and  the  lines  of  EPR  induced  transition^ 
(Fig.3(c))  are  the  same  and  corresponds  to  decrease  of  microwave  photoconductivity  whereas  the 
line  at  B  =  0  and  the  lines  corresponding  to  crossing  of  the  levels  So  and  T  at  B  =  Be  have  the 
opposite  sign.  This  difference  is  likely  to  be  related  to  mechanisms  of  SDR  through  the  excited  triplet 
states  and  should  be  investigated  in  details  separately. 

New  SDR-EPR  spectrum  in  crucible  grown  silicon  irradiated  at  high  temperature. 

In  crucible  grown  silicon  crystals  oxygen  atoms  play  an  important  role  in  creation  of  defects  under 
uradiation.  Detailed  EPR  investigations  of  the  oxygen  related  defects  [10,12]  show  that  at  room 
temperature  irradiation  only  simplest  complexes  of  oxygen  atoms  O  and  vacancies  V,  such  as  (0+V) 
and  (0-tV2),  are  formed.  Heat  treatment  of  the  irradiated  samples  leads  to  decay  of  these  defects  and 
produces  new  defects  of  more  complex  structure,  (O2-1-V2),  (O-1-V3),  (O2+V3),  (O3  -1-V3)  [12].  These 
investigations  have  been  performed  on  silicon  irradiated  by  2-MeV  electrons  with  doses  of  10 
10'®  cm'^  when  the  concentration  of  radiation  defects  is  sufficient  for  detection  by  the  conventional 
EPR  method.  At  lower  doses  of  irradiation  the  concentration  of  radiation  defects  in  annealed  samples 
is  too  small  to  be  detected  by  the  usual  EPR  method.  Irradiation  at  high  temperatures  when 
annealing  of  the  simplest  complexes  takes  place  can  also  lead  to  the  formation  of  new  types  of 

defects. 
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We  applied  SDR-EPR  method  for  detection  of  paramagnetic  recombination  centers  in  oxygen  rich 
silicon  irradiated  by  1  MeV  electrons  with  the  dose  about  2-10'’  cm‘^  at  temperatures  between  150  - 
420  “C. 

After  irradiation  of  the  samples  in  the  temperature  range  of  150  -  350  “C  the  usual  EPR  spectrum  Si- 
SLl  [10]  of  the  excited  triplet  state  of  the  oxygen+vacancy  complex  (  A-center )  is  observed.  When 
the  temperature  increases  from  350  °C  to  400  °C  the  intensity  of  this  spectrum  decreases  to  zero 
and  a  new  spectrum,  labeled  Si-WL3,  appears.  These  spectra  are  shown  in  Fig.5.  The  Si-WL3 
spectrum  is  similar  to  Si-SLl  spectrum.  They  have  the  same  orthorhombic  symmetry  and  close 
values  of  the  g-  and  D-tensors  as  summarized  in  Table  1. 


Fig.  5  EPR  spectra  detected  in  crucible  grown  Fig.  6  Angular  dependence  of  Si-WL3 

silicon  after  irradiation  by  1  MeV  electrons  at  spectrum. 

360  ‘’C  ( a )  and  420  ”C  (b). 


Table  1.  Comparison  of  the  parameters  of  Si-SLl  and  Si-WL3  spectra. 


Spectrum 

Principal  axes 

g-tensor 

D-tensor  ( in  MHz ) 

[100] 

gi  =  2.0075 

Di  =  +  526 

Si-SLl 

[011] 

g2  =  2.0057 

D2  =  ±988 

[Oil] 

g3  =  2.0102 

Da  =  +  462 

[100] 

g,  =  2.0075 

Di  =  +  577 

Si-WL3 

[011] 

g2  =  2.0040 

D2  =  ±  1078 

[OTl] 

Da  =  +  501 

The  intensity  of  the  Si-WL3  spectrum  is  too  low  to  detect  the  Si  hyperfine  structure  and  to 
compare  with  the  hyperfine  structure  of  the  Si-SLl  spectrum.  Perhaps  the  future  investigations  of 
the  SDR-EPR  spectra  in  silicon  irradiated  with  different  doses  at  high  temperatures  will  allow  us  to 
increase  the  intensity  of  detected  spectra  and  to  determine  the  structure  of  the  defects  responsible  for 
the  spectrum  Si-WL3. 

The  similarity  of  the  Si-SLl  and  Si-WL3  spectra  allows  us  to  suppose  that  both  spectra  originate 
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from  the  A-centers.  The  spectrum  Si-SLl  originates  from  the  usual  A-center  in  regular  silicon  lattice. 
A  stress  in  the  neighbourhood  of  the  A-center  can  change  the  EPR  parameters  and  increase  the 
annealing  temperature  of  the  centers.  So,  we  can  suppose  that  Si-WL3  spectrum  originates  from  A- 
centers  formed  in  regions  of  silicon  crystal  with  additional  stress,  for  example,  near  the  dislocations, 
impurity  atoms,  or  near  the  surface  of  the  crystal.  The  investigations  of  stress  effects  due  to  Ge 
atoms  on  the  g-and  D  parameters  of  the  Si-SLl  EPR  spectrum  in  Sii-x  -  GCx  solid  solutions  were 
performed  in  Ref.  13.  It  was  shown  that  additional  stress  decreases  the  components  of  g-tensor  and 
increases  the  components  of  D-tensor.  The  maximal  variations  of  g-  and  D-  components  was  found 
for  orientation  of  the  magnetic  field  B  1 1  <  01 1  >  [13].  The  parameters  summarized  in  Tab.l  are  in 
agreement  with  the  results  obtained  in  [13]. 

Summary  and  Acknowledgments 

Two  SDR-EPR  spectra  of  the  excited  triplet  state  of  a  carbon-silicon-carbon  complex  were  detected 
in  irradiated  pure  FZ  silicon  crystals.  They  indicate  transformation  of  the  complex  symmetry  from 
monoclinic  to  trigonal  due  to  thermally  activated  motion  of  an  interstitial  silicon  atom  around  the 
<11 1>  axis  in  the  temperature  range  of  10-30  K.  The  activation  energy  of  this  motion,  Ea  =  0.0086 
eV  was  determined.  The  new  spin-1  spectrum  of  monoclinic  symmetry,  labeled  Si-WLl,  was 
observed  in  a  narrow  temperature  range  of  30  -  50  K. 

SDR-EPR  spectrum  Si-\VL2  was  found  in  the  same  samples  in  a  wide  temperature  range  up  to  room 
temperature.  This  spectrum  was  attributed  to  a  defect  including  two  electrons  characterized  by 
exchange  energy  comparable  with  the  Zeeman  energy.  Crossing  of  the  ground  singlet  state  and  the 
excited  triplet  state  level  with  spin  projection  Sz  =  -  1  was  detected  for  the  first  time  by  the  SDR 
method  in  silicon.  Strong  temperature  dependence  of  the  positions  of  the  crossing  lines  was  found. 

In  crucible  grown  silicon  irradiated  at  high  temperatures  (  300  -  420  °C  )  a  new  spin-1  SDR-EPR 
spectrum  Si-WL3  was  detected.  This  spectrum  can  be  described  by  g-  and  D-tensors  with  the 
orthorhombic  symmetry  and  components  close  to  those  of  the  Si-SLl  spectrum  of  the  excited  triplet 

state  of  oxygen+vacancy  complex.  .  • 

We  thank  Dr.V.N.Lomasov  for  irradiation  of  the  samples.  This  work  was  supported  by  the  Wihun 
Foundation  and  partly  by  the  Russian  Science  Foundation  under  Grant  No  97-02-18062. 
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ELECTRICAL  AND  OPTICAL  CHARACTERISATION  OF  DEFECTS  INDUCED  IN 
EPITAXIALLY  GROWN  n-Si  DURING  1  keV  NOBLE  GAS  ION  BOMBARDMENT 

P.N.K.  Deenapanray,  F.D.  Auret,  G.  Myburg,  W.E.  Meyer  and  S.A.  Goodman 
Department  of  Physics,  University  of  Pretoria,  Pretoria  0002,  South  Africa 

Keywords  :  photoluminescence,  DLTS,  C-  and  O-related  defects,  noble  gas  ion  bombardment. 

Abstract.  The  modification  in  the  G-line  (969.5  meV)  and  the  C-line  (789.4  meV)  PL 
intensities  were  studied  as  a  function  of  the  fluence,  energy  and  the  mass  of  the  bombarding  ions 
(He,  Ne,  Ar  and  Kr).  The  intensities  of  the  luminescent  lines  induced  by  1  keV  Ne  bombardment 
were  found  to  decrease  with  increasing  dose,  after  reaching  a  maximum  at  about  1x1 0'^  ions/cm^. 
Considerable  reductions  in  the  intensities  of  the  G-  and  C-lines  were  also  recorded  during 
bombardment  using  heavier  noble  gas  ions.  The  incident  ion  energy  at  which  the  PL  intensities  of 
the  spectral  lines  reached  their  maximum  values  were  found  to  be  dependent  on  the  ion  mass  and 
fluence,  and  hence,  on  the  nuclear  energy  deposited.  The  decrease  in  PL  intensities  of  the  G-line  and 
C-line  is  explained  in  terms  of  the  introduction  of  increased  amounts  of  non-radiative  recombination 
centres  with  increasing  incident  ion  dose  and  mass. 

Introduction 

Low-energy  noble  gas  ions  are  commonly  used,  for  instance  during  ion  beam  etching  (IBE),  reactive 
ion  etching  (RIE)  and  sputter  deposition.  During  these  processes  energetic  ions  create  defects  in  the 
near-surface  region  of  the  exposed  semiconductor.  These  defects  can  significantly  alter  the  optical, 
electrical  and  structural  properties  of  the  material.  The  creation  of  a  class  of  optically  active  noble 
gas  (NG)  related  defects  involving  the  intrinsic  /,  defect  was  previously  reported  after  ion 
implantation  and  IBE  using  NG  ions[l,2].  Besides  two  characteristic  luminescent  lines  termed 
G  (969.5  meV)  and  C  (789.4  meV)  are  observed  in  silicon  containing  carbon  and  oxygen  after  dry 
etching  using  CF4  reactive  ion  etching  (RIE)  [3]  and  IBE  [2].  It  is  known  that  oxygen  and  carbon 
impurities  play  an  important  role  in  the  creation  of  defects  responsible  for  the  G-  and  C-lines  [4,5]. 
Furthermore,  several  studies  have  shown  that  the  magnitude  of  G-line  luminescence  can  be  used  as 
an  accurate  measure  of  the  carbon  content  in  Si  crystals  [2,6].  The  G-line  luminescence  is  attributed 
to  an  interstitial  silicon  atom  Si;  located  between  two  adjacent  substitutional  carbon  atoms  (Cs-Sij- 
Cs)  [7],  while  the  C-line  luminescence  is  caused  by  complexes  composed  of  an  interstitial  carbon 
atom  Ci  and  an  interstitial  oxygen  atom  O;  (CrOj)  [2],  The  969.5  meV  PL  defect  has  been  identified 
with  the  EPR-detected  G1 1  centre  [8],  whereas  the  789.4  meV  defect  was  identified  as  the  EPR  G15 
centre  [9]. 

The  concentration  and  type  of  defects  formed  during  irradiation  depend  on  the  fluence,  energy  and 
species  of  ions.  Moreover,  impurity-defect  complexes  are  produced  through  the  Interaction  between 
defects  and  impurities.  It  is,  therefore,  important  to  study  the  dependences  of  ion  mass,  dose  and 
energy  on  the  luminescent  lines  by  noble  gas  ion  implantation.  In  the  present  study,  we  investigated 
the  effect  of  fluence,  mass  and  energy  of  bombarding  noble  gas  ions  on  the  intensities  of  the  G-  and 
C-lines  luminescence.  The  electrical  properties  of  the  low  energy  bombardment-induced  defects 
have  also  been  studied  by  deep  level  transient  spectroscopy  (DLTS). 

Experimental  proeedure 

Samples  used  were  epitaxially  grown  (111)  oriented  Si  layers  on  n'^-substrates  and  doped  with 
5x10  cm  phosphorous.  The  epitaxial  side  of  the  samples  were  bombarded  with  1  keV  noble  gas 
ions  (He,  Ne,  Ar,  Kr)  at  doses  ranging  from  1x10  ®  to  IxlO’^  ions/cm^  using  an  ion  gun. 
Photoluminescence  measurements  were  carried  out  using  the  514  nm  line  of  an  argon-ion  laser,  a 
0.64  pm  infra  red  monochromator  (resolution  1.4  A),  a  cooled  germanium  detector  and  conventional 
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lock-in  amplifier  technique.  Samples  were  mounted  in  a  closed  cycle  helium-cooled  cryostat  and  the 
temperature  could  be  varied  between  11  K  and  90  K.  Circular  Pd  Schottky  contacts  of  0.77  mm 
diameter  and  100  nm  thickness  were  resistively  deposited  on  the  bombarded  samples  through  a 
metal  contact  mask  for  DLTS  analyses.  The  energy  levels,  Ej-,  and  apparent  capture  cross-sections, 
(Jq,  associated  with  the  defects  were  determined  from  DLTS  Arrhenius  plots  of  log(e/7^)  vs  1/T, 
where  e  is  the  emission  rate  at  a  temperature  T.  For  control  purposes,  PL  and  DLTS  measurements 
were  taken  using  unirradiated  Si  samples. 


Results  and  discussion 

A.  Dose  dependence  c.  ■ 

Figure  1  shows  the  G-line  and  the  C-line  intensities  after  1  keV  Ne  ion  bombardment  as  a  ftmction 
of  fluence  from  5x10'“  to  IxlO'''  ions/cm^.  It  is  found  that  the  intensity  of  optically  active  defects 
increased  with  increasing  Ne  ion  dose,  and  decreased  after  reaching  a  maximum  at  a  fluence  of 
Ixio'^  ions/cm^.  A  saturation  in  the  intensity  of  the  defects  is  expected  at  higher  doses  since  the 
number  of  defects  is  limited  by  the  concentration  of  carbon  and  oxygen  atoms  originally  present  m 
the  Si  crystals.  We  attribute  the  reduction  in  the  PL  intensities  of  the  G-  and  C-lmes  for  higher  doses 
to  the  formation  of  non-radiative  recombination  centres  with  either  discrete  levels  related  to  VO- 
and  VP-pairs,  divacancies,  higher-order  vacancy  clusters  or  continuous  levels  related  to  extended 
defects  in  the  band  gap.  Furthermore,  complexes  composed  of  vacancies  and  neon  atoms  [10,11] 
could  also  increase  the  number  of  optically  inactive  recombination  centres  for  bombardment  doses 
larger  than  IxlO'^  ions/cml  The  higher  concentrations  of  defects  at  higher  doses  are  due  to  the 
higher  densities  of  collision  cascades,  and  hence  higher  rates  of  nuclear  energy  deposition  by  the 

bombarding  ions.  j  t,  ^ 

Now  the  presence  of  discrete  and  continuous  levels  in  1  keV  Ne-bombarded  Si  is  demonstrated.  The 

electrically  active  defects  introduced  by  He-  and  Ar-ion  bombardment  are  discussed  in  the  next 
section  Figure  2  shows  the  DLTS  spectra  obtained  for  n-Si  after  1  keV  Ne  ion  bombardments  at 
doses  ranging  from  Ixlo'"  and  Ixio'^  cm'l  The  VO-centre  has  an  energy  level  at  -  0.183  eV  and 
is  labelled  ENel83.  In  the  nomenclature  used,  "E"  denotes  an  electron  trap,  "Ne"  implies  the  defect 


Fig.  1  Plot  of  PL  intensities  of  the  G-  and  C- 
line  as  a  function  of  incident  ion  dose  during 
1  keV  Ne  ion  bombardment  of  n-Si.  Sample 
temperature  was  fixed  at  11  K  for  the  PL 
measurements. 


Fig.  2  DLTS  spectra  of  1  keV  Ne-ion 
bombarded  n-Si  to  fluences  of:  (a)  1x10  cm  , 
(b)lxio'^  cm‘^  and  (c)  IxlO'"'  cm'l  All  curves 
were  recorded  at  a  lock-in  amplifier  frequency  of 
46  Hz  (decay  time  constant  of  9.23  ms),  Vj  =  1  V 
and  Vp  =  1.4  V. 


is  introduced  by  Ne  ions  and  the  number  gives  the  position  of  the  level  below  the  conduction  band 
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in  meV.  The  second  charge  state  of  the  divacancy,  V2A  could  be  observed  in  very  low 
concentrations  after  removing  the  VP-centre  (ENe437)  by  annealing  at  180  °C  for  30  min.  The  non¬ 
detection  of  the  first  charge  state  of  the  divacancy,  may  be  attributed  to  the  presence  of  stress 
fields  in  the  highly  perturbed  region  probed  by  DLTS  [12].  The  following  comments  can  be  made 
about  the  spectra  to  validate  our  discussion:  Firstly,  the  intensities  of  the  defect  peaks  (i.e., 
concentrations  of  defects)  are  found  to  increase  with  increasing  ion  dose.  Secondly,  a  new 
prominent  defect  at  -  0.48  eV  can  be  observed  during  bombardment  at  IxlO*"*  ions/cm^.  This 
defect,  being  close  to  the  mid-bandgap  position,  could  indeed  be  an  efficient  recombination  centre 
[13].  Finally,  it  is  clear  from  Fig.  2  that  the  baseline  "skewing"  of  the  DLTS  spectra  increases  with 
increasing  ion  dose.  The  baseline  "skewing"  phenomenon  has  previously  been  observed  in  5.4  MeV 
electron-irradiated  GaAs  and  has  been  speculated  to  be  due  to  the  presence  of  extended  defects  [14]. 
Furthermore,  the  baseline  "skewing"  is  accompanied  by  the  broadening  of  some  of  the  DLTS  defect 
peaks  such  as  ENe347  and  those  observed  in  the  temperature  range  200-280  K  when  the 
bombarding  ion  dose  is  increased.  The  peak  broadening  phenomenon  is  also  indicative  of  the 
presence  of  extended  defects  [15]. 

The  non-radiative  defects  result  in  an  increased  amount  of  existing  or  new  recombination  paths  such 
that  the  recombination  of  electrons  and  holes  between  the  levels  responsible  for  the  G-  and  C-lines 
is  decreased.  Consequently,  the  luminescence  from  the  G-line  and  C-line  defects  is  reduced  when 
the  irradiation  dose  exceeds  the  critical  level  of  IxlO'^  ions/cm^. 


B.  Dependence  on  incident  ion  mass 

Figure  3  shows  the  variation  in  the  PL  intensities  of  the  G-  and  C-lines  after  1  keV  He,  Ne,  Ar  and 
Kr  ion  bombardments.  The  nuclear  energy  deposited  to  recoils  by  each  incident  ion  is  also  depicted 


0  20  40  60  80  100 

Ion  Mass  (amu) 


Fig.  3  Variation  of  PL  intensities  of  the  G-  and 
C-lines  as  a  function  of  bombarding  ion  mass. 
PL  measurements  were  done  on  1  keV  He-,  Ne-, 
Ar-  and  Kr-ion  bombarded  epitaxially  grown  n- 
Si  to  a  dose  of  Ixio’^  cm'^.  The  nuclear  energy 
deposited  to  recoils  by  the  ions,  as  calculated 
from  TRIM  simulations,  is  also  shown. 


in  Fig.  3.  All  the  low  energy  irradiation  were 
done  at  a  dose  of  1x10*^  ions/cm^.  The 
intensities  of  the  two  spectral  lines  were 
observed  to  decay  almost  exponentially  with 
the  mass  of  the  bombarding  ions.  This  mass 
dependence  of  the  PL  intensities  is  explained 
by  considering  the  energy  deposited  by  the 
different  noble  gas  ions  as  they  penetrate  the  Si 
lattice.  Nuclear  stopping  is  the  dominant 
mechanism  for  energy  transfer  to  the  target 
during  1  keV  He,  Ne,  Ar  and  Kr  ion 
bombardments.  As  the  mass  of  the  incident  ion 
is  increased,  the  cross  section  for  elastic 
collision  is  also  increased.  This  results  in  a 
higher  density  of  recoil  atoms  being  produced 
and  consequently  a  higher  rate  of  energy 
deposition.  For  instance,  TRIM  [16] 
simulations  reveal  that  the  nuclear  energy  loss 
to  the  Si  lattice  increases  with  incident  ion 
mass  as  shown  in  Fig.  3.  Since  the  energy 
deposited  by  a  1  keV  He  ion  is  well  above  the 
critical  value  of  the  energy  (~1  eV/A)  required 
for  non-linear  effects  such  as  energy  spikes 


[17]  -  one  mechanism  of  forming  extended 
defects  -  the  amount  of  damage  introduced  to  the  Si  lattice  is  expected  to  increase  drastically  with 
the  mass  of  bombarding  ions.  The  lowering  in  the  PL  intensities  of  the  G-  and  C-lines  can  thus  be 


explained  by  the  introduction  of  increased  amounts  of  non-radiative  recombination  centres  with 


increasing  incident  ion  mass.  Since  the  energy  deposited  per  unit  length  (eV/A)  of  the  incident  ions 
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is  much  higher  than  the  threshold  for  spike  formation  throughout  their  entire  range,  it  is  highly 
probable  that  non-radiative  centres  are  produced  in  large  concentrations  during  1  keV 
bombardments  using  the  noble  gas  ions. 

DLTS  measurements  have  shown  that  1  keV  He  and  Ne  ion  bombardment  of  Si  at  a  dose  of  1x10 
ions/cm^  introduced  the  same  set  of  defects  [18].  However,  the  concentration  of  the  defects  were 
foimd  to  be  relatively  higher  during  Ne  ion  irradiation.  On  the  other  hand,  a  more  complex  set  of 
defects  was  created  in  the  same  material  during  Ar  [18]  and  Kr  ion  bombardments.  We  have  also 
observed  that,  except  for  the  VO-  and  VP-centres,  the  low  energy  defects  created  during  noble  gas 
ion  irradiation  are  different  from  the  primary  defects  introduced  during  high  energy  (MeV)  electron 
and  alpha-particle  irradiation  of  the  same  wafer  [19,20].  The  presence  of  the  first  charge  state,  V2  , 
of  the  divacancy  could  not  be  observed  in  our  low  energy  ion  bombarded  samples.  However, 
annealing  studies  at  180  °C  for  30  minutes  have  revealed  the  presence  of  the  second  charge  state, 
of  the  divacancy  produced  by  1  keV  noble  gas  ion  bombardments,  but  in  very  low 
concentrations.  We  argue  that  could  not  be  detected  because  of  the  presence  of  stress  fields  due 
to  regions  of  high  defect  densities  in  our  bombarded  samples  [12].  Furthermore,  the  low 
concentrations  of  Vj"'®  in  our  samples  could  mean  that  vacancy  clusters  (larger  than  the  divacancy) 
are  predominantly  formed  during  1  keV  noble  gas  ion  bombardments.  Low  energy  noble  gas  ion 
bombardment  of  epitaxially  grown  n-Si  is  found  to  introduce  a  class  of  defects  similar  to  ENe223 
(Fig.  2),  the  DLTS  signal  intensities  of  which  increase  with  the  mass  of  the  bombarding  ion.  Based 
on  isochronal  annealing  studies  of  both  low  energy  noble  gas  ion  and  alpha-particle  irradiated  n-Si, 
and  on  epitaxial  Si  layers  containing  different  O  and  C  contents,  we  have  proposed  h^e  that  this 
class  of  defect  is  caused  either  by  vacancy  clusters  larger  than  the  V2  but  smaller  than  the 
hexavacancy  (not  electrically  active)  or  the  incorporation  of  the  noble  gas  atoms  into  V2  or  highe- 
order  vacancy  clusters  [21].  Thus  our  DLTS  results  agree  with  the  TRIM  simulation  results 
presented  above  and  can  be  used  to  confirm  the  propositions  made  to  explain  the  reduction  in  PL 
intensities  of  the  G-  and  C-lines  with  increasing  bombarding  ion  mass.  We  have  also  noted 
significant  baseline  "skewing"  of  our  DLTS  spectra  together  with  DLTS  peak  broadening  during 
analysis  of  samples  exposed  to  the  heavier  noble  gas  ions. 

C.  Dependence  on  ion  energy 

Figure  4  shows  the  PL  intensities  of  the  G-  and  C-lines  as  a  function  of  incident  ion  energy  for  He 
ions  at  fluences  of  1x10*°  to  lxl0‘^  ions/cm^ .  It  is  observed  from  Fig.  4  that  the  PL  intensities  of  the 
G-  and  C-lines  initially  increase  to  maximum  values  and  thereafter  decrease.  Figure  4  also  suggests 
that  the  maxima  are  dose  dependent.  We  explain  our  results  by  considering  the  energy  dependence 
of  the  electronic  and  nuclear  stopping  of  He  ions  in  the  Si  crystal.  In  addition,  we  have  considered 
the  range  of  He  ions  with  different  bombarding  energies  together  with  the  excitation  depth  of  our 
Ar-ion  laser.  For  any  implanted  ion,  the  nuclear  stopping  component  of  energy  loss  decreases  as  the 
energy  of  the  ion  is  increased,  whereas  its  electronic  energy  deposition  increases  [22].  The  projected 
range  and  energy  loss  to  recoils  for  He  ions,  as  calculated  from  TRIM,  in  the  energy  range  1-150 

keV  are  shown  in  Fig.  5.  .  ■  ■  c. 

For  a  given  noble  gas  species  the  number  of  optically  active  defects  increases  with  ion  dose  from  a 
minimum  as  the  energy  of  the  incident  ion  is  increased.  It  can  be  deduced  from  Fig.  5  that  a  150  keV 
He  ion  will  create  much  less  energetic  recoil  atoms  in  the  first  100  A  below  the  semiconductor 
surface  compared  to  a  1  keV  He  ion.  However,  as  the  150  keV  ion  loses  energy  and  slows  down  as 
it  penetrates  further  into  the  Si  lattice,  its  nuclear  stopping  increases.  As  a  result,  the  ion  produces 
increasingly  more  energetic  recoil  atoms  and,  thus,  introduces  increasingly  more  damage  in  the 
semiconductor  as  it  continues  to  slow  down  over  its  range  of  approximately  8200  A.  TRIM 
simulations  also  show  that  spike  formation  could  occur  when  the  energy  of  the  ion  is  slightly  less 
than  150  keV.  Thompson  and  Walker  [23]  have  shown  that  non-linear  effects,  such  as  the 
overlapping  of  individual  collision  cascades  to  produce  higher  density  ones,  can  occur  in  ion 
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Fig.4  Influence  of  incident  ion  energy  on  the  PL 
intensities  of  the  G-  and  C-lines  by  He-ion 
bombardment  of  n-Si  to  doses  of  Ixio'®  cm'^  and 
Ixio'^cm'l 


Fig.  5  TRIM  simulations  of  projected  range  and 
nuclear  energy  deposited  of  He  ions  in  Si  for 
energies  ranging  from  1  keV  to  150  keV.  The  error 
bars  assigned  to  the  projected  ion  range 
correspond  to  the  longitudinal  straggling. 


bombarded  Si  when  the  average  deposited  energy  density  is  as  small  as  0.1  eV/atom.  The  integral 
sum  of  defects  distributed  over  the  penetration  depth  of  ~  X/2  =  2570  A  of  the  Ar-ion  laser  will, 
therefore,  be  larger  for  the  150  keV  ion  than  for  the  1  keV  ion.  Consequently,  the  Ar-ion  laser  "sees" 
more  non-radiative  recombination  centres  when  PL  measurements  are  taken  on  a  sample  bombarded 
with  150  keV  He  ions. 

For  all  implantation  doses  or  noble  gas  ion  that  were  used,  we  found  that  the  number  of  optically 
active  defects  increases  from  a  minimum  as  the  energy  of  the  incident  ion  is  increased.  The 
intensities  of  the  two  transitions  start  to  decrease  at  specific  ion  energies,  which  are  dose  dependent, 
when  the  number  of  non-radiative  recombination  centres  as  discussed  above  provide  alternative 
recombination  paths  to  those  responsible  for  the  G-  and  C-spectral  lines.  For  instance,  the  energy 
corresponding  to  maximum  intensities  of  the  G-  and  C-lines  for  a  dose  of  1x1  o'®  He'^/cm^  is  about 
75  keV  (Fig.  4),  after  which  the  sum  total  of  defects  increases,  causing  a  reduction  in  PL  intensities. 
Since  nuclear  energy  deposition  increases  with  increasing  bombarding  ion  dose,  the  temperature 
corres|)onding  to  the  maximum  PL  intensities  of  the  two  lines  is  lower  for  an  irradiation  dose  of 
1x10  He  /cm  compared  to  Ixio'*'  HeVcm^.  This  dose  dependence  of  the  maximum  is  translated 
into  a  shift  in  the  intensity  curves  in  Fig.  4  to  the  left  for  the  higher  ion  dose. 


Conclusion 

We  have  investigated  the  influence  of  noble  gas  ion  species  as  well  as  their  fluence  and  energy  on 
the  G-line  and  C-line  luminescence  in  epitaxially  grown  n-Si.  DLTS  measurements  of  the  electrical 
properties  of  the  defects  induced  by  1  keV  noble  gas  ion  bombardment  of  the  same  material  are  also 
reported.  Bombardments  using  1  keV  Ne  ions  in  the  dose  range  lxl0'°  cm'^  to  lxl0‘^  cm’^  have 
shown  that  the  PL  intensities  of  the  G-  and  C-line  luminescence  increase  to  reach  their  maximum 
values  at  Ixio'^  cm'^  and,  thereafter,  decrease  with  ion  fluence.  We  have  attributed  the  reduction  in 
intensities  beyond  1x10*^  Ne^cm^  to  be  due  to  the  introduction  of  higher  concentrations  of  non- 
radiative  recombination  centres,  which  provide  alternative  recombination  paths  to  those  responsible 
for  the  G-  and  C-transitions.  DLTS  results  have  indeed  shown  that  higher  concentrations  of  defects 
are  introduced  when  the  ion  fluence  is  increased  for  a  particular  noble  gas  species.  A  prominent  new 
electron  trap  at  -  0.48  eV,  which  being  close  to  the  mid-bemdgap  position  could  well  be  an 
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efficient  recombination  centre,  has  been  detected  in  1x1 0'^  Ne  cm  bombarded  material. 
Furthermore,  the  haseline  "skewing"  and  peak  broadening  phenomena  observed  in  our  DLTS 
spectra  may  suggest  that  extended  defects,  with  a  continuous  distribution  of  deep  levels  in  the 
bandgap,  are  introduced  in  our  samples  at  irradiation  doses  higher  than  1x10  cm  .  The  PL 
intensities  of  the  G-  and  C-lines  were  found  to  decrease  almost  exponentially  with  incident  ion  mass 
for  1  keV  bombardments  at  lxl0‘^  cm'^.  The  increasingly  higher  nuclear  stopping  component  of 
energy  deposited  by  the  incident  ions  with  higher  mass  results  in  larger  amounts  of  damage  to  be 
created  in  the  Si  lattice.  Consequently,  the  introduction  of  non-radiative  recombination  centres  is 
increased  resulting  in  a  decrease  in  PL  intensities  of  the  luminescent  lines.  We  have  also  observed 
an  increase  in  the  intensities  of  the  prominent  electrically  active  electron  traps  with  increasing 
bombarding  ion  mass.  Finally,  we  have  demonstrated  that  the  incident  ion  energy  at  which  the  PL 
intensities  reach  their  maximum  values  is  dose  dependent.  We  have  explained  the  observed  trends 
qualitatively  by  considering  the  integral  sum  of  defects  produced  over  the  excitation  depth  of  the  Ar- 
ion  laser  used  in  our  PL  experiments. 
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FANO  RESONANCE  IN  A  VIBRONIC  SIDEBAND  IN  SILICON 
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Abstract.  We  report  here  the  existence  of  a  novel  Fano  resonance  in  a  luminescence  band.  The 
luminescence  band  has  its  zero  phonon  line  at  991  meV  and  a  vibronic  continuum  produced  by 
coupling  to  a  broad  spectrum  of  lattice  modes.  The  resonance  is  observed  at  980  meV,  in  the  part  of 
the  vibronic  band  involving  low  energy  acoustic  modes.  We  show  here  that  the  centre  possesses 
trigonal  symmetry,  that  the  zero-phonon  hne  is  an  E  to  A  transition,  and  that  the  energy  of  the  Fano 
resonance  is  pinned  to  only  some  components  of  the  stress  split  zero-phonon  line.  Furthermore  we 
show  that  the  lineshape  of  the  resonance  can  be  modulated  by  uniaxial  stresses  along  the  1 10  axis. 

Introduction. 

Fano  resonances  occur  when  a  discrete  state  interacts  with  a  continuum.  In  silicon  Fano  resonances 
are  especially  well  known  for  the  chalcogen  donors  [1],  where  the  discrete  state  is  an  electronic  state 
plus  a  well  defined  phonon,  and  the  continuum  is  the  electronic  ionisation  continuum.  Here  we 
report  the  presence  of  a  novel  Fano  resonance  in  the  vibronic  sideband  of  the  991  meV  defect 
(described  by  Pankove  in  [2])  in  silicon.  The  resonance  was  of  sufficient  intensity  to  allow  us  to 
examine  the  effects  of  uniaxial  stress  perturbations  on  both  the  zero  phonon  transition  and  the 
resonance.  These  indicate  that  the  centre  possesses  trigonal  symmetry  and  that  the  resonance 
follows  a  similar  behaviour  to  the  zero  phonon  line,  except  intriguingly  the  lineshape  of  the 
resonance  can  be  modulated  by  uniaxial  stresses  along  the  1 10  axis. 

Experimental. 

The  samples  used  in  this  study  were  mainly  Czochralski  (CZ)  silicon  with  high  concentrations  of 
both  carbon  and  oxygen,  typically  [C]  ~  2  x  lO”  cm'^  and  [O]  ~  lO'*  cm  l  Samples  were  saturated 
with  1.5  x  lO'^  cm'^  H  or  D  by  heating  in  flowing  gas  for  30  minutes  at  1300°C  and  rapidly  cooling 
in  silicone  oil  [3].  The  samples  were  electron  irradiated  with  a  total  flux  of  2  x  lO'’  cm'^  2  MeV 
electrons  and  then  annealed  for  30  minutes  at  a  temperature  >  500  °C.  Photoluminescence 
measurements  were  carried  out  on  either  a  Nicolet  60SX  or  a  Bomem  DA3  Fourier  transform 
spectrometer  fitted  with  a  North  Coast  cooled  Ge  diode  detector  with  excitation  by  a  514  nm  Ar’' 
laser.  Uniaxial  stress  measurements  were  made  employing  stresses  of  up  to  0.16  GPa  using  12  x  2  x 
2  mm^  X-ray  oriented  samples. 


Figure  1.  Typical  spectrum  of  the  991  meV  centre, 
the  zero  phonon  line  is  marked  ZPL  and  the 
resonance  FR. 
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Figure  1  shows  a  typical  spectrum,  the  centre  has  a  zero  phonon  transition  at  991  meV  and  is 
labelled  ZPL.  The  resonance  (FR)  can  very  clearly  be  seen  in  the  vibronic  band. 

Because  of  the  considerable  size  of  the  resonance  it  was  possible  to  use  uniaxial  stress  perturbations 
to  study  the  resonance  as  well  as  the  zero-phonon  line  itself.  The  zero  phonon  line  split  into  2,  3  and 
4  components  when  stress  was  applied  along  the  (001),  (111)  and  (110)  directions  respectively, 
significant  thermalisation  effects  between  the  split  components  led  to  the  assignment  of  trigonal 
symmetry  to  the  centre  and  an  E  -  A  transition  for  the  zero-phonon  line.  Figure  2  shows  the  stress 
fittings,  the  points  are  experimental  data  and  the  lines  are  the  calculated  fit  using  linear  splitting 
coefficients  [4].  Where  A,  =  6.9,  Aj  =  -4.7,  B  =  9.2  and  C  =  -10.0  meV/GPa. 


Applied  Stress  MPa 


Figure  2.  Energy  of  the  991  meV  centre  and  Fano  resonance  as  a  function 
of  applied  stress.  Points  are  experimental  values,  lines  are  calculated  as 
described  in  the  text.  Left  column  is  the  stress  dependence  of  the  zero 
phonon  transition  while  the  right  column  is  the  resonance. 


The  energy  shift  of  the  resonance  can  be  modelled  using  a  single  split  component  from  the  centre. 
These  correspond  to  the  Aj  -  2B,  Ai  +  2A2,  and  Ai  +  A2  +  C  -I- B  states  in  the  (001),  (111)  and  (1 10) 
directions.  In  the  (1 1 1)  direction  this  component  corresponds  to  the  orientationally  degenerate  state 
rather  than  the  electronically  degenerate  states.  The  (110)  uniaxial  stress  direction  shows  a 
modulation  of  the  lineshape  as  the  magnimde  of  the  stress  is  increased  (Fig.  3).  It  is  interesting  to 
note  that  this  perturbation  is  also  the  only  one  that  shifts  the  resonance  to  higher  energy.  Magnetic 
field  perturbations  (not  discussed  here)  were  also  carried  out,  again  shifting  the  resonance  to  lower 
energies  and  producing  no  lineshape  modulation. 
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Discussion. 

Often  a  Fano  resonance  is  observed  when  a  previously  forbidden  transition  mixes  with  a  continuum 
[1],  Exactly  the  same  parameters  used  for  the  fitting  of  the  uniaxial  stress  results  can  also  be  used  to 
fit  the  shift  of  the  resonance,  implying  that  the  discrete  state  is  a  feature  of  the  991  meV  band  rather 
than  a  separate  centre.  The  phonon  sidebands  are  expected  to  follow  the  zero-phonon  line  very 
closely  under  stress  so  that  the  continuum  relative  to  the  zero-phonon  line  is  expected  to  be 
unchanged.  Nevertheless  changes  in  the  fano  lineshape  are  clearly  occurring  (Fig.  3)  implying  that 
the  continuum  and  the  discrete  state  (  both  components  of  the  991  meV  band  )  are  reacting 
differently  to  the  1 10  compression. 

To  describe  the  lineshape  of  the  resonance  we  use  the  notation  developed  by  Fano  in  [5],  we 
describe  a  Hamiltonian,  H,  with  matrix  elements  given  by  :- 

(cp  |//|(p)  =  £, ,  (v  |//|(p)  =  ,  (v  ^)  =  EHE-E) 


where  (p  represents  the  discrete  state  and  v|/e  the  unperturbed  continuum. 


Fano’s  analysis  leads  to  an  expression  for  the  lineshape  L(E)  of  the  resonance  in  terms  of  the 
transition  probability  between  the  initial  state  I  and  the  modified  continuum  eigenstates  'Pe,  and  I  and 
the  unperturbed  continuum  tps  ( T  is  the  transition  operator ):- 


E-E, 


'<p 


i/2r 


is  dependent  on  the  energy  ,  and  width  of  the  resonance,  with  r=2TtlVEp  indicating 


the  spectral  width  of  the  discrete  state  tp.  q  is  a  parameter  dependant  on  <1>  the  modified  discrete 
-  being  the  ratio  of  the  probabilities  of  transitions  to  the  modified 


■ 1  2 

state  with  —nq  = 

2  \{ve\t\i)\  r 

discrete  state  and  an  unperturbed  continuum  of  band  width  F. 


Figure  3  shows  the  modulation  of  the  resonance  lineshape  as  the  applied  stress  is  increased.  The 
baseline  shown  in  the  left  hand  column  has  been  subtracted  and  the  resulting  lineshape  fitted.  The 
lineshape  is  then  shown  in  the  right  hand  column.  The  difficulty  in  accurately  determining  the 
baseline  and  effects  of  broadening  make  results  arising  from  this  fitting  ambiguous  at  least,  but  the 
change  in  the  lineshape  is  obvious. 
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Figure  3  Modulation  of  the  Fano  resonance  with  increasing  stress. 


Conclusions 

We  have  uniquely  observed  a  Fano  resonance  in  the  vibronic  band  of  a  deep  centre  in  silicon.  We 
have  shown  that  the  centre  possesses  trigonal  symmetry  and  that  the  resonance  follows  a  similar  shift 
pattern  to  the  zero  phonon  transition  when  uniaxial  stress  is  applied.  We  have  also  observed  a 
modulation  in  lineshape  of  the  resonance  when  uniaxial  stress  is  applied  along  the  1 10  axis.  A  more 
in  depth  analysis  of  the  defect  centre  and  the  origin  of  the  resonance  are  needed  to  understand  this 
modulation  fully. 
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Abstract.  Investigations  of  defect  production  and  annealing  in  moderately  and  heavily  doped  p-Si 
subjected  to  low-temperature  electron  irradiation  at  2.5  MeV  have  been  made.  Removal  rates  of 
charge  carriers  were  found  to  be  about  2  cm"'  over  the  doping  range  studied.  Recovery  of  the  charge 
carrier  concentration  is  not  significant  after  annealing  at  room  temperature.  Substantial  annealing  of 
defects  responsible  for  carrier  removal  takes  place  at  temperatures  higher  than  600  K.  However, 
recovery  of  the  hole  mobility  displays  puzzling  behaviour.  Data  on  removal  rates  of  charge  carriers 
in  lightly  doped  p-Si  subjected  to  low-temperature  gamma-irradiation  suggest  that  electronic 
excitation  conditions  during  irradiation  can  strongly  affect  defect  formation  processes. 

Introduction 

Fast  electron  irradiation  of  Si  at  cryogenic  temperatures  is  widely  used  as  a  tool  for  production  of 
intrinsic  defects.  In  most  studies  of  defects  in  Si,  lightly  and  moderately  doped  materials  with 
impurity  concentrations  less  than  10 ‘^cm'^  have  been  treated.  Until  recently,  radiation  effects  in 
degenerate  Si  were  remaining  in  the  shade.  To  our  knowledge,  there  are  several  papers  [1-3]  (see 
also  a  few  references  therein]  devoted  to  this  question  in  the  past.  However,  investigations  of  defect 
interactions  in  degenerate  Si  in  the  presence  of  impurity  traps  of  one  kind  may  highlight  some 
important  features  of  the  defect  behaviour.  Actually,  the  recent  X-ray  measurements  on  lightly  and 
heavily  doped  Si  after  low-temperature  electron  irradiation  and  annealing  [4,5]  revealed  new  facts 
relating  to  the  fate  of  Frenkel  pairs  and  formation  of  defect  clusters.  The  present  work  is  aimed  at 
investigating  the  electrical  properties  of  moderately  and  heavily  doped  p-Si  after  electron  irradiation 
at  cryogenic  temperatures  and  subsequent  annealing.  We  also  report  some  data  on  removal  rates  of 
charge  carriers  in  lightly  doped  p-Si  under  low  and  high  excitation  conditions  during  gamma- 
irradiation  at  78  K.  It  has  been  known  that  electronic  excitation  can  exert  strong  effects  on  many 
properties  of  defects  in  Si,  among  them  thermal  stability,  activation  energies  for  diftusion  and  so  on; 
see  for  instance  [6,7].  This  question  is  of  particular  interest  for  lightly  doped  materials  with  impurity 
concentrations  less  than  MO'’  cm'^,  as  the  excitation  conditions  during  electron  irradiation  at  T<  20 
K  can  be  low  or  high,  depending  upon  irradiation  temperature,  electron  energies,  beam  current  etc. 
For  the  present  gamma-ray  irradiation  we  can  realize  low  excitation  conditions  for  B  and  Ga  vs  high, 
excitation  conditions  for  In  due  to  the  different  ionization  energies  of  these  dopants. 

Experimental 

Czochralski-grown  Si  with  B,  Ga,  and  In  impurities  were  used.  For  low-temperature  electron 
irradiation  the  samples  were  cut  from  heavily  doped  Si:B  (  about  610'*cm‘^,  and  3-10'®cm'^). 
Besides,  some  moderately  doped  samples  of  Si:B  and  Si:Ga  (about  8-lO'^cm'^)  were  also 
investigated.  For  low-temperature  gamma-irradiation  the  samples  were  cut  from  lightly  doped  Si:B, 
Si:Ga,  and  Si:In  and  the  impurity  concentrations  were  about  MO'^cm'^ 

Electron  irradiation  experiments  were  conducted  at  the  low-temperature  irradiation  facility  in  Jiilich 
[8],  The  current  densities  of  2.5  MeV  electrons  were  in  the  range  of  1  pA/cm^  to  15  pA  /  cm^.  In  the 
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course  of  irradiation  at  T=4.7  K  the  samples  were  immersed  in  a  stream  of  liquid  helium. 
Conductivity  and  Hall  effect  measurements  were  taken  in  situ  at  T=4.2  K  by  means  of  the  Van  der 
Pauw  technique. 

Gamma-irradiation  experiments  were  conducted  at  a  ^®Co  gamma-ray  facility.  The  dose  rate  was 
310’^cm‘^  s'*.  The  samples  were  placed  in  a  container  for  gamma-irradiation  at  T=78  K.  After 
irradiation  the  container  was  transferred  at  T=  78  K  into  another  cryostat  for  electrical  measurements 
over  the  temperature  range  of  20  K  to  300  K.  All  measurements  were  carried  out  in  the  dark.  Finally, 
we  would  like  to  recall  that  under  ®"Co  gamma-irradiation  Frenkel  pairs  are  produced  in  Si  mostly  by 
the  Compton  electrons  whose  average  energy  is  about  0.6  MeV  [9]. 

Results  and  Discussion 

Defect  production  under  electron  irradiation  at  T=4. 7  K 

For  the  samples  Si:B  we  used,  the  hole  concentration  before  irradiation  was  in  the  range  of  210‘® 
cm'^  to  3-10  cm'^  The  hole  mobility  at  room  temperature  was  close  to  50  cm^/(V-s).  This  value 
agrees  well  with  the  literature  data  available;  see  for  instance  [10], 

At  the  beginning  of  irradiation  the  conductivity  varies  directly  with  dose;  see  curve  1  in  Fig.  1 .  At 
doses  larger  than  <I>=610‘*cm'^,  there  are  pronounced  departures  from  linearity  due  to  increasing 

compensation  of  the  acceptor  states  of  boron.  It  is 
widely  believed  that  small  conductivity  changes  over  a 
linear  region  can  be  converted  into  concentration 
changes  for  estimating  removal  rates  if  the  charge 
carrier  mobility  remains  unaffected  by  radiation- 
induced  defects.  At  first  sight,  the  latter  assumption 
seems  to  be  valid,  as  the  hole  mobility  in  degenerate 
Si;B  turned  out  to  be  nearly  constant,  within  4  per 
cent,  over  the  doping  range  of  2-lO'^cm'^  to  4-10'®cm'^ 
[10],  In  doing  so,  one  can  evaluate  a  removal  rate  of 
(4.5±0.5)  cm'‘  which  is  in  line  with  those  reported 
previously  [11].  Moreover,  Figure  2  provides 
conclusive  evidence  that  this  rate  r]  is  independent  of 
current  density.  However,  the  Hall  effect  data  clearly 
show  that  the  actual  rate  is  smaller  by  a  factor  of  two; 
cf  curves  1  and  2  in  Fig.  1 .  This  difference  in  ti  stems 
from  the  marked  changes  in  the  hole  mobility  upon 
irradiation;  see  curve  3  in  Fig.  1.  It  means  that  the 
radiation-induced  defects  are  more  effective  in  the 
charge  carrier  scattering  than  ionized  substitutional 
boron  atoms  Bs". 

Two  questions  are  important  for  our  understanding  of  what  is  going  on  under  irradiation:  how  to 
estimate  the  production  rate  of  Frenkel  pairs  and  what  kind  of  defects  may  be  responsible  for  the 
strong  scattering?  Let  us  proceed  from  the  Watkins  model  of  defect  production  in  moderately  doped 
p-Si  [12].  Frenkel  pairs  produced  as  primary  defects  during  electron  irradiation  are  believed  to  be 
unstable,  since  self-interstitials  Sij,  most  likely  positively  charged,  are  claimed  to  be  mobile  even  at 
T<  20  K,  at  least  under  electronic  excitation  conditions.  The  mobile  self-interstitials  can  be  trapped  at 
substitutional  boron  atoms  giving  rise  to  a  bound  interstitial  configuration,  or  shorter  Bi.  The 
appearance  of  spatially  separated  isolated  vacancies  and  interstitial  boron  atoms  Bi*  was 
evidenced  by  EPR  in  their  metastable  charge  states  V*  and  B  ®  under  illumination[12].  Assuming  this 
model  for  the  electrically  active  defects,  we  can  convert  the  observed  removal  rate  into  the 
production  rate  of  Frenkel  pairs  being  about  0.5  cm'*.  By  comparison,  the  production  rate  quoted  in 
[12]  for  1.5  MeV  electron  irradiation  is  about  0.03  cm'*.  However,  the  expected  value  for  electron 
irradiation  at  2.5  MeV  is  in  the  range  of  1  cm'*  to  2  cm'*  assuming  that  the  threshold  energy  for 


Fig.  1.  Relative  changes  in  conductivity 
(curve  1),  charge  carrier  concentration 
(curve  2)  and  mobility  (curve  3)  dose  for 
degenerate  Si:B  subjected  to  electron 
irradiation  at  T=  4.7  K. 
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atomic  displacement  in  Si  lies  in  the  interval  of  40  eV  to  20  eV.  It  should  be  noted  that  the 
production  rate  of  Frenkel  pairs  close  to  the  expected  one  has  been  obtained  very  recently  in  [5] 


5x10"  1x10'* 

Dose,  cm'^ 


Fig.  2.  Relative  changes  in  conductivity  vs 


using  the  data  of  X-ray  measurements  on  the  same 
Si:B  irradiated  at  T=4.7  K.  It  is  felt  that  only  a  fraction 
of  the  Frenkel  pairs  produced  can  be  separated  under 
irradiation.  Among  the  defects  considered,  vacancies 
and  close  (not  separated)  Frenkel  pairs  may  be 
responsible  for  the  strong  scattering  of  charge  carriers 
in  degenerate  Si:B  subjected  to  electron  irradiation. 
Another  interesting  observation  is  that  the  removal 
rates  of  charge  carriers  in  Si:B  turned  out  to  be  nearly 
the  same  in  the  doping  range  of  610^*cm'^  to  3  10'^ 
cm'^.  Moreover,  this  range  may  be  expanded  down  to 
about  S  lO'^cm'^  if  one  takes  a  look  at  moderately 
doped  Si:B  and  Si:  Ga.  For  p-Si  with  impurity 
concentrations  less  than  MO'^cm'^,  it  is  impossible  to 


dose  for  degenerate  Si:B  subjected  to  low-  take  electrical  measurements  at  T=4.2  K.  However, 


temperature  electron  irradiation  at  different  one  can  estimate  removal  rates  relying  on  the  data 


current  densities  of  the  electron  beam,  obtained  after  low-temperature  irradiation  and 


Current  density:  7  faA/cm^  (triangles),  15  subsequent  annealing  at  room  temperature,  as  the 
pA/cm^  (circles),  1  pA/cm^  (squares).  recovery  fraction  at  T<  300  K  is  less  than  20  per  cent; 

see  below. 


Defect  annealing  after  electron  irradiation  at  T=  4.7  K 

Annealing  of  radiation-induced  defects  in  the  Si  doped  with  boron  displays  two  stages  upon 
warming-up  to  room  temperature,  at  T»  200  K  and  T»  300  K.  As  an  illustration.  Figure  3  shows  the 

annealing  curves  for  two  degenerate  samples  of  Si:B 
irradiated  with  1  MeV  taken  from  [11]  and  2.5  MeV 
electrons.  In  all  cases  there  are  relatively  small  changes 
in  conductivity  after  the  annealing  at  room 
temperature,  not  exceeding  20  per  cent.  Interestingly, 
we  observed  no  recovery  in  the  case  of  Si:Ga  at  T< 
300  K. 

Referring  to  the  Watkins  model  [12]  we  think  that  the 
observed  changes  do  not  reflect  the  main  annealing 
processes  taking  place  at  the  above  stages.  Actually, 
one  couldn’t  expect  substantial  recovery  of  the  charge 
carrier  concentration  taking  into  account  that  the 
vacancies  which  are  mobile  at  T«  200  K  [12] 
should  be  trapped  at  Br ,  whereas  the  interstitial  boron 
atoms  Bj'^  which  are  mobile  at  T«  300  K  [13]  could 
Fig.  3.  Annealing  of  defects  in  degenerate  pair  with  Bs'.  The  latter  complex  [B^Bfl  is  reportedly 
Si:B  after  electron  irradiation  at  4.7  K.  stable  at  least  up  to  T«  700  K  [14].  Evidently,  both 
Electron  energy:  1  MeV,  curve  1;  2.5  MeV,  reactions  result  in  additional  loss  of  the  acceptor  states 
curve  2  Dose:  O=610**cm'^  curve  E  of  substitutional  boron  atoms.  Besides,  the  complex 
<I)=2■10‘Vm■^  curve2.  ’  ’  "^^y  be  positively  charged  in  p-Si  [15]. 

Therefore,  this  way  of  annealing  couldn’t  release  holes 
into  the  valence  band.  It  is  felt  that  the  observed  recovery  at  the  above  stages  is  a  side  effect  due  to 
trapping  of  V^'^  and  Bj'^  at  other  sinks  like  oxygen,  divacancies  etc. 

Let  us  now  discuss  the  annealing  process  above  room  temperature.  For  all  the  irradiated  samples, 
pronounced  recovery  of  the  charge  carrier  concentration  starts  at  T«  600  K.  It  is  instructive  to  follow 
the  annealing  behaviour  of  degenerate  Si:B  for  which  prolonged  electron  irradiation  at  T=  4.7  K 


0  200  400  600  800  1000 
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results  in  concentrations  of  Frenkel  pairs  close  to  the  initial  concentration  of  boron.  Similar  samples 
have  been  investigated  in  [4,5]  by  means  of  X-ray  measurements  on  the  lattice  spacing  as  well  as  the 

Huang  Diffuse  Scattering.  The  data  obtained  for 
degenerate  Si;B  after  heavy  irradiation  at  T=  4.7  K 
and  subsequent  annealing  at  room  temperature  point 
to  the  fact  that  the  low-temperature  defects 
responsible  for  strong  changes  of  the  Huang  Diffuse 
Scattering  die  out  at  T»  300  K,  whereas  some 
structural  modifications  of  boron-related  complexes 
lead  to  a  pronounced  increase  in  the  lattice  spacing. 
The  latter  is  consistent  with  the  data  on  thermal 
instability  of  both  boron-related  defects  Bj  and  [VBg] 
at  room  temperature  [13,15],  so  one  has  to  deal  with 
other  boron-related  complexes  formed  at  T«  300  K, 
Tann'  K  eg  [Bs“Bi*]  pairs. 

^  The  electrical  data  obtained  on  heavily  irradiated 
Fig.  4.  High-temperature  annea  mg  o  revealed  some  peculiar  features  of  the  defect 

degenerate  Si:B  after  electron  irradiation  at  ^^ove  room  temperature;  see  Fig.  4.  Just 

4.7  K.  Dose:  0-1. 8- 10  cm  .Concentration  electron  irradiation  the  samples  displayed 

of  charge  carriers,  circles;  mobility  of  charge  conductivity  at  T=  4.2  K.  In  the  course  of 

carriers,  triangles.  Initial  concentration  and  annealing  at  T<  300  K  the  hole  concentration 
mobility  of  charge  carriers  are  also  shown.  increased  by  about  20  percent.  As  is  seen  from  Fig. 

4,  with  increasing  temperature  the  hole  mobility  appears  to  be  completely  restored  at  Ts®  500  K, 
whereas  the  charge  carrier  concentration  shows  little  changes.  In  stark  contrast,  at  elevated 
temperatures  the  charge  carrier  concentration  gradually  recovers  against  the  background  of 
decreasing  mobility.  It  should  be  pointed  out  that  qualitatively  similar  changes  in  the  hole 
concentration  and  mobility  are  also  observed  for  the  same  Si:B  irradiated  at  much  smaller  doses 
(<l)«210'*cm'^).  This  puzzling  behaviour  of  defects  upon  annealing  calls  for  further  investigation. 


Defect  production  under  gamma-irradiation  at  T=  78  K 

For  lightly  doped  Si:B,  Si:Ga,  and  Si:In,  complete  electrical  measurements  (conductivity  and  Hall 
effect)  were  taken  over  the  temperature  range  of  15  K  to  300  K.  Analysis  of  these  data  with  the  help 
of  relevant  electroneutrality  equations  [16]  makes  it  possible  to  evaluate  the  concentrations  of 
shallow  acceptors,  Na,  and  compensating  donors.  No,  in  a  separate  way;  see  for  instance  [17].  The 
initial  concentrations  of  group-III  acceptors  were  about  1-lO'^cm'^.  The  compensation  ratio  K=  No/ 
Na  was  very  low  for  all  samples,  not  exceeding  a  few  per  cent.  The  ionization  energies  of  group-III 
acceptor  states  found  for  the  initial  materials  (45  meV,  73  meV  and  153  meV  for  B,  Ga,  and  In, 
respectively)  agree  well  with  the  literature  data;  see  for  instance  [10]. 

The  concentrations  of  oxygen  and  carbon  in  the  lightly  doped  p-Si  are  much  higher  than  the 
concentration  of  shallow  acceptors,  at  least  by  an  order-of-magnitude.  Because  of  this  interactions  of 
group-III  impurity  atoms  with  intrinsic  defects  are  expected  to  be  suppressed  and  compensation 
effects  due  to  radiation-induced  donors  become  most  important.  By  way  of  illustration.  Fig.  5  and 
Fig.  6  depict  the  hole  concentration  vs  temperature  for  two  samples  of  Si:Ga  and  Si:In  before  and 
after  gamma-irradiation  at  T=  78  K.  After  irradiation  the  electrical  measurements  could  be  conducted 
up  to  T=  150  K,  as  the  first  annealing  stage  is  centered  at  T^  180  K.  The  data  obtained  make  it 
possible  to  trace  all  changes  in  the  compensation  ratio.  In  all  cases  the  compensation  progressively 
increases  with  increasing  dose;  see  Fig.  7.  However,  the  rate  of  compensation  for  Si:In  turned  out  to 
be  larger  by  a  factor  of  seven  than  those  for  Si;B  and  Si:Ga.  Based  on  these  data  one  can  evaluate 
the  corresponding  production  rates  of  radiation-induced  donors  being  about  7-10'''cm'‘  MO"'' cm"' 

for  Si:In  V5  Si:B  and  Si:Ga.  This  striking  diflference  in  the  production  rates  is  thought  to  be  due  to 
different  excitation  conditions  under  irradiation  which,  in  turn,  may  change  the  fraction  of  Frenkel 
pairs  subjected  to  separation  (  and  as  a  consequence  may  also  change  the  electrical  properties);  for 
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Fig.  5.  Charge  carrier  concentration  vs  Fig.  6.  Charge  carrier  concentration  vs  temperature 
temperature  for  Si:Ga  before  and  after  gamma-  for  Si: In  before  and  after  gamma-irradiation  at 
irradiation  at  78  K.  Dose:  0=0,  curve  1;  78  K.  Dose:  0=0,  curve  1,  O=3.410'^cm‘^,  curve 
O=l.M0‘*cm'^,  curve  2;  O=2-10**cm'^  curve  2;  0=4.8- 10”cm’^,  curve  3,  O=4.810*’cm'^,  curve 
3.  Points,  experimental;  curves,  calculated.  4.  Points,  experimental;  curves,  calculated. 

^'’Co  gamma-rays  the  calculated  production  rate  of  Frenkel  pairs  equals  1.3-10'^  cm"'  [9]  assuming 
that  the  threshold  energy  is  about  40  eV. 

Let  us  examine  the  relation  between  the  equilibrium  concentration  of  holes  at  the  irradiation 
temperature,  po,  and  the  concentration  of  excess  charge  carriers,  Ap  (An),  due  to  ionization  of  Si  by 

gamma-rays  in  more  detail.  As  seen  from  Fig.  5  and 
Fig.  6,  po  is  of  order  of  lO'^cm'^  and  lO^cm'^  for  the 
Si:Ga  and  Si:In,  respectively.  For  the  Si:B,  it  is  even 
higher  than  that  in  the  Si:Ga  because  the  ionization 
energy  of  boron  is  smaller.  Measurements  of  the 
photocurrent  generated  by  gamma-rays  in  the  Si:In  at 
T=  78  K  allows  us  to  estimate  Ap  (An)  being  in  the 
range  of  10’'cm'^  to  10'^cm■^  Evidently,  the  defect 
formation  in  the  Si:B  and  Si:Ga  takes  place  under  low 
excitation  conditions,  po »  Ap  (An).  By  contrast,  the 
excitation  conditions  for  the  Si:In  are  opposite,  Ap 
(An)  »  Po.  In  addition,  it  might  be  important  to  point 
out  that  with  increasing  irradiation  temperature  to  T« 


Fig.  7.  Compensation  ratio  Nd/Na  vs  dose 
for  Si:B  (squares),  Si:Ga  (circles),  and  Si:In 
(triangles)  subjected  to  gamma-irradiation  at 


300  K  the  excitation  conditions  are  getting  similar  for 
all  the  samples  and  the  removal  rates  show  no 
significant  difference  any  longer,  being  ~  5-10’^  cm''. 


78  K. 


Conclusions 


First  of  all,  the  present  study  of  defect  production  in  moderately  and  heavily  doped  p-Si  due  to  2.5 
MeV  electron  irradiation  at  T=  4.7  K  provides  insight  into  the  properties  of  defects  making  their 
appearance  at  this  low  temperature.  The  removal  rate  of  charge  carriers  turned  out  to  be  nearly 
constant,  about  2  cm'',  over  a  wide  range  of  impurity  concentrations.  Strong  changes  in  the  hole 
mobility  after  irradiation  point  to  the  fact  that  the  defects  formed  during  low-temperature  irradiation 
are  very  effective  scattering  centers.  Analysis  of  the  relevant  information  on  defect  production  in  Si 
at  cryogenic  temperatures  allows  us  to  conclude  that  a  large  fraction  of  Frenkel  pairs  is  not  subjected 
to  separation.  Most  likely,  these  frozen-in  primary  defects  are  responsible  for  marked  changes  in  the 
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Huang  Diffuse  Scattering  of  X-rays.  They  may  also  be  responsible  for  the  observed  scattering  of 
holes.  The  charge  carrier  concentration  and  mobility  are  recovered  in  different  ways  upon  annealing 
above  room  temperature.  The  mobility  was  found  to  be  sensitive  to  defect  transformations.  The  role 
of  electronic  excitation  in  the  defect  production  for  lightly  doped  p-Si  under  gamma-irradiation  has 
been  evidenced.  Switching  the  excitation  conditions  from  low  to  high  one  can  strongly  modify  the 
formation  rate  of  electrically  active  defects. 

A  plausible  model  of  the  defect  production  should  be  based  on  the  concept  of  Frenkel  pairs.  Tightly 
bound  pairs  (close  Frenkel  pairs)  seem  to  show  no  electrical  activity  related  to  some  energy  states  in 
the  bandgap.  Their  presence  in  Si  after  low-temperature  irradiation  can  be  detected  by  some  specific 
techniques  sensitive  to  disturbance  of  the  lattice,  e  g  measurements  of  the  Huang  Diffuse  Scattering 
and  the  lattice  spacing.  Loosely  bound  Frenkel  pairs  with  a  larger  distance  between  the  constituent 
defects  introduce  energy  levels  into  the  bandgap  and  can  be  separated  under  appropriate  conditions. 
The  separation  process  should  depend  on  charge  states  of  the  defects  which,  in  turn,  are  dependent 
on  electronic  excitation  under  irradiation.  The  self-interstitials  in  these  loosely  bound  pairs  can  be 
mobile  at  cryogenic  temperature,  at  least  under  irradiation.  If  separated  they  interact  with  impurities 
and  can  be  traced  in  this  way.  In  such  a  situation,  the  disappearance  of  the  characteristic  X-ray 
scattering  at  T<  300  K  may  be  attributed  to  the  annealing  of  close  Frenkel  pairs. 
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IMPURITY- VACANCY  COMPLEXES  FORMED  BY  ELECTRON 
IRRADIATION  OF  CZOCHRALSKI  SILICON 

V.  Avalos  and  S.  Dannefaer 
Department  of  Physics 
University  of  Winnipeg 
Winnipeg,  MB,  Canada  R3B  2E9 

Keywords:  Silicon,  irradiation  damage,  positron  annihilation 
Abstract. 

A  positron  annihilation  study  of  electron  irradiated  Cz-Si  has  been  conducted  on  eight  samples 
ranging  from  heavily  doped  n-type  to  heavily  doped  p-type.  The  influence  from  dopants  was 
investigated  as  well  as  that  arising  from  oxygen  by  comparison  with  undoped  float-zone  silicon. 
High  dopant  concentrations  (>  5  X  10*^/cm^),  either  P  or  Sb,  cause  a  high  introduction  rate 
of  P-Vj  or  Sb-V  complexes  in  the  order  of  1  cm“^.  Oxygen  modestly  increases  the  introduction 
rate  of  free  divacancies  by  a  factor  of  2. 

Introduction. 

Irradiation  of  silicon  leads  to  the  formation  of  vacancies  and  interstitials.  At  room  temperature 
these  fundamental  defects  are  highly  mobile  and  many  will  recombine  but  some  will  remain  by 
forming  complexes  with  impurities  such  as  dopants  or  oxygen.  Divacancies  may  also  be  formed 
by  migrating  monovacancies  as  well  as  directly  by  the  irradiation  and  they  are  immobile  at  room 
temperature.  Numerous  studies  have  been  conducted  to  elucidate  the  character  of  complexes, 
but  the  majority  deals  with  vacancy  associated  complexes  (divacancies^’^,  P-monovacancy®, 
B-monovacancy^’®  and  0-multivacancy®)  whereas  only  one  form  of  pure  interstitials  (the  di- 
interstitiaH)  and  one  form  of  carbon-interstitial  complex®  have  been  reported  on. 

In  this  work  we  have  employed  positron  annihilation  (and  in  a  few  cases  Fourier  transform 
infrared  spectroscopy)  to  investigate  vacancies  formed  by  electron  irradiation,  taking  advantage 
of  the  fact  that  highly  doped  materials  can  also  be  investigated  by  positron  annihilation.  The 
aim  is  mainly  to  assess  the  influence  from  doping  on  vacancy  production  by  comparing  results 
for  variously  doped  samples  irradiated  under  identical  conditions.  We  have  employed  positron 
lifetime  spectroscopy  which  is  forceful  in  distinguishing  between  different  vacancy  sizes.  One 
main  finding  from  this  work  is  that  dopants  at  high  concentrations  enhance  significantly  the 
concentration  of  vacancies  by  reducing  recombination  with  interstitials  and  that  dopant- vacancy 
complexes  dominate  in  such  materials. 

Experimental. 

a:  Samples 

The  samples  were  cut  from  Czochralski-grown  wafers  (Cz-Si)  doped  as  listed  in  Table  I. 
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Table  1.  Sample  Characteristics.  For  easy  identification  of  dopant  concentration 
the  number  in  the  sample  codes  reflects  the  impurity  concentration. 


Sample 

code 

Dopant 

Type 

Resistivity 

fi-cm 

P(n) 

5  X  10*® 

0.01 

P(n) 

5  X  10*^ 

0.1-0.2 

P2 

P(n) 

5  X  10*® 

1-2 

PI 

P(n) 

2  X  10*® 

3 

Sb4 

Sb(n) 

1  X  10*® 

0.01 

B4 

B(P) 

00 

o 

X 

0.01 

B3 

B(P) 

5  X  10*’’ 

0.1 

BO 

B(P) 

4x  lO*'* 

100 

Fz 

none 

~2000 

The  letter(s)  in  the  codes  for  each  sample  signifies  the  dopant  type  while  the  number  indicates, 
on  a  scale  0-4,  increasing  dopant  concentrations.  These  codes  will  be  used  in  figures  displaying 
the  results.  The  samples  were  in  the  form  of  bars  of  dimensions  4  x  0.5  X  30  mm^  and  were 
irradiated  along  the  long  axis  with  10  MeV  electrons  using  a  pulsed  beam  (240  pulses/s  each 
of  3  ms  duration)  with  an  average  current  density  of  4.5/iA/cm^.  The  dose  at  the  beam- facing 
end  of  the  samples  was  1.2  X  10^®e"/cm^.  The  samples  were  irradiated  simultaneously  and  were 
cooled  by  water  at  8°C  and  were  spaced  by  1  /2  mm  to  allow  for  free  water  flow.  After  irradiation 
the  samples  were  stored  at  — 18°C  until  commencement  of  the  positron  measurements. 

b:  Positron  Annihilation 

When  vacancies  trap  positrons  their  lifetime  is  increased  relative  to  the  bulk  value  (i.e.  that 
for  non-trapped  positrons)  due  to  the  smaller  average  electron  density  which  is  what  makes 
possible  the  observation  of  vacancies  by  means  of  positron  annihilation.  The  trapping  rate  of 
the  positrons  is  proportional  to  the  vacancy  concentration  according  to 


K  =  fl-Cv,  (1) 

where  fi  is  the  absolute  specific  trapping  rate  (ns“*cm^)  and  Cy  is  the  vacancy  concentration 
(cm“^).  The  absolute  trapping  rate  is  strongly  temperature  dependent  for  negatively  charged 
vacancies  (large  at  low  temperatures)  while  essentially  temperature  independent  for  neutral 
vacancies.  For  positively  charged  vacancies  (or  complexes)  the  specific  trapping  rate  is  estimated 
to  be  1/10  (or  less)  of  that  for  neutral  defects  (due  to  coulomb  repulsion)  and  increases  with 
temperature;  these  are  very  helpful  features  in  assessing  the  charge  state  of  free  vacancies  (or 
vacancy-impurity  complexes). 

Results. 

All  the  unirradiated  samples  showed  a  small  contribution  from  grown-in  vacancy  clusters  giving 
a  trapping  rate  of  only  ~  0.1  ns“*.  The  lifetime  was  400-450  ps. 
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Lifetime  results  for  the  n  type  irradiated  samples  are  shown  in  Fig.  1. 


TEMPERATURE  (K)  TEMPERATURE  (K) 

Fig.  1.  Irradiation-produced  positron  Fig.  2.  Irradiation-produced  positron 

lifetimes  and  trapping  rates  for  n  type  lifetimes  and  trapping  rates  for  p  type 

materials  as  a  function  of  sample  temperature.  materials.  In  panel  (b)  the  broken  curve 

The  sample  codes  are  those  listed  in  Table  I.  shows  the  results  for  Fz-Si  (Ref.  9). 

The  broken  curve  in  panel  (b)  is  for  Fz-Si, 

From  Ref.  9.  The  trapping  rate  for  the  P4 
was  too  high  to  be  calculable. 

These  samples  were  cut  from  the  front  end  of  the  bars  (and  hence  irradiated  with  10  MeV 
electrons  to  the  dose  of  1.2  X  10*®/cm^).  In  this  figure  as  well  ^ls  in  Fig.  2  we  show,  for  the  sake 
of  brevity,  only  the  important  irradiation-produced  lifetime  r  and  its  associated  trapping  rate. 

The  samples  show  quite  different  temperature  dependencies.  For  the  two  lightly  P  doped 
samples  (PI  and  P2)  r  increases  little  with  temperature  while  k  decreases  strongly  which  are 
characteristics  very  similar  to  those  observed  in  electron  irradiated  oxygen-free  undoped  Si 
(Fz-Si),  where  they  were  shown  to  arise  from  trapping  by  negatively  charged  divacancies®. 
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For  the  P3  sample  t  increases  with  temperature  whereas  the  trapping  rate  is  essentially  constant 
(at  2  ns~^).  The  lifetimes  cover  the  range  between  monovacancies  (~270  ps)  and  divacancies 
(~300  ps). 

For  the  highly  P  doped  P4  sample,  r  is  constant  (at  260  ±  3  ps),  but  the  trapping  rate  cannot 
be  calculated  because  of  its  high  value.  However,  from  other  positron  measurements  (Doppler 
broadening)  we  can  estimate  a  trapping  rate  of  about  45  ns“^. 

Turning  to  the  results  for  the  p  type  material,  Fig.  2  depicts  lifetime  results  for  the  boron 
doped  materials. 

The  data  for  the  lightly  doped  sample  (BO)  are  very  similar  to  those  for  the  lightly  doped  PI 
and  P2  samples  (and  the  Fz-Si  sample).  The  medium  doped  B3  sample  has  a  small  trapping 
rate  (0.7  ns“^),  which  makes  the  determination  of  the  lifetime  rather  uncertain.  The  highly 
doped  B4  sample  is  unique  in  showing  a  trapping  rate  which  increases  with  temperature  above 
150  K. 

Discussion. 

The  temperature  dependence  of  the  trapping  rates  as  well  as  the  lifetime  values  for  the  PI, 
P2  and  BO  samples  are  similar  to  that  for  undoped  Fz-Si  for  which  reason  we  ascribe  the 
trapping  arising  from  free  negatively  charged  divacancies.  The  difference  observed  between 
the  trapping  rates  for  the  Cz-Si  and  the  Fz-Si  is  probably  caused  by  A  centers  which  at  low 
temperatures  causes  a  change  in  the  Fermi  level  so  that  some  of  the  divacancies  become  neutral. 
The  presence  of  oxygen  increases  the  concentration  of  divacancies  by  a  factor  of  2i2  above  200 
K  which  indicates  that  interstitials  can  be  trapped  by  oxygen  or  oxygen  clusters.  The  doping 
concentrations  in  the  PI,  P2  and  BO  samples  have  no  detectable  influence  on  the  positron 
data,  but  the  highly  doped  P3  and  Sb4  samples  show  completely  different  responses. 

The  trapping  rates  are  temperature  independent  but  the  lifetime  varies  between  265  and 
295  ps. 

Thus  we  conclude  that  free  divacancy  formation  is  significantly  suppressed  in  these  samples 
being  replaced  by  P  (or  Sb)  divacancy  complexes.  The  variation  in  lifetime  suggests  that  these 
complexes  either  have  temperature  dependent  configurations  or  that  the  positron  “favours”  at 
low  temperature  only  one  of  the  vacancies  in  the  complex.  The  introduction  rate  in  P3  of  these 
complexes  corresponds  to  ~  0.4  cm“';  for  the  Sb  doped  sample  the  introduction  rate  is  ~  1 
cm“^. 

For  the  P4  sample  only  a  monovacancy  response  could  be  found.  This  is  explained  by  noting 
that  the  high  P  concentration  relative  to  the  introduced  amount  of  vacancies  will  cause  trapping 
by  only  monovacancies.  A  maximum  introduction  rate  of  4  cm“^  can  be  estimated  in  this  case. 

The  positron  data  for  the  B3  sample  indicate  trapping  by  neutral  divacancies  (the  neutral  state 
was  verified  by  optical  measurements).  The  introduction  rate  was  ~  0.08  cm“'.  For  the  B4 
sample  it  is  important  first  to  note  that  due  to  the  large  B  concentration  the  holes  will  screen 
charged  states  of  vacancies  or  complexes.  The  constant  trapping  rate  up  to  150  K  is  thus 
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explained  to  arise  from  screened  positively  charged  free  divacancies,  and  the  increase  above 
that  temperature  is  interpreted  to  arise  from  thermally  activated  trapping  by  B-V2  complexes. 
A  similar  effect  was  observed  in  InP^°  where  the  thermal  activation  was  suggested  to  arise  from 
a  difference  in  the  complex  coordiantion  as  caused  by  the  presence  or  not  of  the  positron  at  the 
complex. 

Conclusion. 

Positron  annihilation  experiments  have  shown  that  P-V2  and  B-V2  complexes  are  formed  in 
electron  irradiated  Cz-Si.  For  high  doping  concentrations  the  introduction  rates  for  the  various 
complexes  can  be  as  large  as  1-4  cm~'. 
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Abstract.  We  have  observed  luminescence  lines  at  0.992  eV  and  at  1.097  eV  in  Si  implanted  with 
300  keV  or  700  keV  P*  to  a  dose  of  2x10'^  cm'^.  These  lines  appear  after  thermal  annealing  in 
both  the  B-implanted  and  the  P-implanted  samples.  The  formation  of  the  0.992  eV  center  is  strongly 
affected  by  the  annealing  atmosphere  and  the  Cu  contamination  while  that  of  the  1.097  eV  center  is 
not  affected.  The  0.992  eV  fine  appears  only  after  annealing  in  vacuum.  If  there  is  no  Cu 
contamination  in  the  vacuum,  this  line  appears  after  annealing  at  500  -  bOOT^.  However,  if  there  is 
Cu  contamination  in  the  vacuum,  it  appears  over  a  wider  annealing  range  of  300  -  bOOTT.  The  1.097 
eV  line  is  observed  in  the  samples  annealed  at  300  -  400^:  and  depends  on  neither  the  annealing 
atmosphere  nor  the  Cu  contamination.  We  believe  these  lines  are  due  to  the  different  types  of  point 
defect  clusters.  The  annealing  behavior  of  the  PL  spectra  suggests  a  strong  correlation  between  the 
0.992  eV  center  and  the  II  center. 

Introduction 

In  recent  Si  ULSI  technologies,  high-energy  (several  hundred  keV)  ion  implantation  has  been  used  in 
the  device  fabrication  processes  [1].  During  the  ion  implantation  and  the  following  thermal  annealing, 
various  defects  are  induced  in  Si  substrates  and  these  defects  might  interact  with  other  defects  and 
impurities.  One  of  the  most  important  problems  is  the  interaction  with  transition-metals  because  the 
damaged  layer  induced  by  the  ion  implantation  may  act  as  a  gettering  site  for  metallic  impurities  [2]. 
However,  fundamental  properties  of  these  process-induced  defects,  especially  their  interaction  with 
other  defects  and  impurities,  are  not  well  understood. 

Photoluminescence  (PL)  is  a  powerful  method  for  investigating  defects  in  semiconductors  and 
various  PL  lines  such  as  II  - 14  lines  have  been  found  in  the  ion-implanted  Si  [3].  These  lines  have 
been  reported  to  be  due  to  defects  such  as  vacancy  clusters  induced  by  radiation  damage  and  thermal 
annealing  [3-6].  However,  the  origins  of  the  PL  fines  are  still  controversial  and  the  deMed  nature  of 
the  defects  has  not  yet  been  clarified. 

In  this  study,  we  have  investigated  the  defects  in  Si  induced  by  ion  implantation  and  thermal 
annealing  by  using  a  PL  technique.  We  have  focused  especially  on  the  effects  of  the  annealing 
atmosphere  and  Cu  contamination  on  the  PL  spectra. 

Experiments 

The  substrates  used  in  this  work  were  (100)  Czochralski-grown  Si  wafers  with  a  resistivity  of  10-20 
Qcm  doped  with  B.  Samples  were  implanted  at  room  temperature  with  300  keV  B'^  ions  or  700  keV 
P'^  ions  to  a  dose  of  2x10'^  cm'^.  The  depth  profile  of  die  implanted  impurities  was  measured  by 
secondary  ion  mass  spectroscopy  (SIMS).  The  theoretical  projected  range  of  the  implanted  impurities 
is  about  0. 8  pm  for  both  cases  and  agrees  well  with  the  results  of  the  SIMS  measurement.  Samples 
were  cut  from  the  wafer  and  annealed  in  a  furnace  at  200  -  700X1  for  60  minutes  in  vacuum  or  in  a  Nj 
atmosphere.  In  the  case  of  annealing  in  vacuum,  samples  were  put  in  a  sealed  quartz  ampoule 
( ~lxl0‘^  Torr )  and  Cu  contamination  was  carried  out  by  putting  a  small  Cu  wire  in  the  ampoule  with 
die  samples. 

PL  spectra  were  measured  at  liquid-He  temperature.  Samples  were  excited  by  the  488  nm  line  of  an 
Ar  ion  laser.  The  emission  from  the  samples  was  analyzed  with  a  50  cm  single  monochromator  with 
a  600  groove/mm  grating  blazed  at  1  pm  and  was  detected  with  a  cooled  Ge  detector.  The  spectral 
bandpass  was  kept  at  1.2  nm. 
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Results  and  discussion  .  ,  . 

PL  spectra  of  the  samples  implanted  with  B  and  annealed  at  300'C  for  60  minutes  are  shown  m  Fig. 
1  for  the  different  annealing  conditions.  Almost  identical  PL  spectra  are  observed  for  the  samples 
annealed  in  the  N,  atmosphere  and  in  vacuum.  However,  the  PL  spectrum  of  the  sample  anneakd  m 
vacuum  with  Cu  is  a  litde  different  from  the  others.  In  these  PL  spectra,  sharp  lines  labeOed  B  are 
the  emission  due  to  bound  exciton  and  bound  multiple  exciton  complexes  (BMECs)  and  the  broad 
line  labelled  EHD™  is  the  emission  due  to  electron-hole  droplet  (EHD)  [7-9].  The  superscript  TO 
indicates  the  transition  assisted  by  the  transverse  optical  (TO)  phonon.  Sharp  lines  labelled  II  and  13 
and  a  smaU  peak  labelled  12  are  observed  in  all  cases.  The  12  line  is  very  weak  in  intensity  ^d 
overlaps  with  the  EHD™  line.  These  11-13  lines  have  been  reported  to  originate  from  radiation 
damage  [3-6].  Small  lines  on  the  lower  energy  side  of  the  II  hne  and  the  13  line  are  phonon  stmctures 
of  these  lines.  The  12  line  and  the  13  line  do  not  depend  on  the  annealing  conditions,  nor  does  *e 
emission  due  to  bound  exciton,  BMEC,  or  EHD.  However,  the  II  line  becomes  weak  in  intensity 
when  the  samples  is  annealed  in  vacuum  with  Cu. 

Besides  those  lines,  PL  lines  at  0.992  eV  and  at  1.097  eV  can  be  seen  in  Fig.  1.  We  have  not 
observed  these  lines  in  the  samples  annealed  under  the  same  conditions  without  ion  implantation.  As 
these  lines  appear  only  in  the  ion  implanted  samples,  we  believe  these  lines  are  due  to  defects  induc^ 
by  the  ion  implantation  and  the  subsequent  thermal  annealing.  The  PL  line  at  0.992  eV  appears  only 
in  the  samples  annealed  in  vacuum  with  Cu  while  the  PL  line  at  1.097  eV  appe^s  in  all  the  spectra  in 
Fig  1  The  energy  position  of  the  1.097  eV  line  coincides  with  that  of  the  PL  line  due  to  free  exciton 
[7].  However,  we  have  observed  that  the  1.097  eV  line  is  relatively  strong  in  intensity  md  can  be 
distinguished  from  the  free  exciton  line  in  the  high-resolution  me^urement  at  10  K.  A  similar  PL  line 
at  1.0966  eV  has  been  reported  by  Henry  et  al.  [10]  in  In-implanted  Si.  We  will  discuss  the 
difference  between  the  reported  line  and  the  line  observed  in  this  work  below.  On  the  other  hand,  the 
PL  line  at  0.992  eV  has  not  been  previously  reported  to  the  best  of  our  knowledge. 


Photon  Energy  (  eV  ) 

Fig.  1.  PL  spectra  of  Si  implanted  with  300 
keVB'"  to  a  dose  of  2x10'^  cm'^  and  annealed 
at  300'C  under  various  conditions. 


Photon  Energy  {  eV  ) 

Fig.  2.  PL  spectra  of  Si  implanted  with  300 
keVB*  to  a  dose  of  2x10'^  cm'^  and  annealed 
at  500‘C  under  various  conditions. 
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Similar  spectra  have  been  observed  in  the  samples  implanted  with  B  and  annealed  at  500'C  as  shown 
in  Fig.  2.  In  this  case,  however,  the  II,  12,  and  1.097  eV  lines  disappear  and  the  0.992  eV  line  is 
observed  also  in  the  case  of  annealing  in  vacuum  without  Cu.  In  Fig.  2,  the  intensity  of  the  0.992  eV 
line  is  much  stronger  than  that  in  Fig.  1  and  small  peaks  can  be  clearly  seen  on  the  lower  energy  side 
of  this  line.  Similar  small  peaks  on  die  lower  energy  side  have  been  reported  for  the  II  and  13  lines  [5, 
6]  and  they  are  considered  to  be  phonon  structures.  Davies  et  al.  [6]  has  reported  that  the  structures 
on  the  lower  energy  side  of  the  II  line  are  well  explained  by  the  model  of  the  vibronic  transition.  The 
energy  separation  and  the  spectral  shape  of  the  small  lines  near  the  0.992  eV  line  resemble  those  of 
the  phonon  structures  of  the  II  line.  In  the  PL  spectra  measured  in  this  work,  the  0.992  eV  line  is 
always  followed  by  the  small  peaks.  Therefore,  we  consider  that  the  small  peaks  on  the  lower  energy 
side  are  the  phonon  structures  of  the  0.992  eV  line.  In  Fig.  2,  there  are  also  small  peaks  at  1. 100  eV 
and  1. 108  eV.  These  small  peaks  are  the  same  as  the  series  of  lines  observed  by  N^ayama  et  al.  [11] 
in  CZ-Si  annealed  at  500'C . 

PL  intensities  of  the  observed  lines  relative  to  the  intensity  of  the  bound  exciton  line  (  B™(BE)  in 
Figs.  1  and  2  )  are  plotted  as  a  function  of  annealing  temperature  in  Fig.  3  for  various  annealing 
conditions.  For  the  12  and  13  lines,  the  annealing  behavior  is  almost  the  same  as  that  reported  in  the 
past  [3]  and  does  not  depend  on  the  annealing  conditions.  In  the  cases  of  annealing  in  Nj  and  in 
vacuum  without  Cu,  the  II  line  shows  the  same  annealing  behavior  as  previously  reported  [3]. 
However,  the  intensity  of  the  II  line  becomes  weak  after  annealing  at  300^3  in  vacuum  with  Cu. 

As  can  be  seen  from  Fig.  3,  the  1.097  eV  line  appears  at  the  annealing  temperature  of  300  -  400^3 
and  depends  on  neither  the  annealing  atmosphere  nor  the  Cu  contamination.  Thus  Cu  atoms  are  not 
related  to  the  luminescence  center  of  the  1.097  eV  line.  As  mentioned  above,  Henry  et  al.  [10] 
reported  a  PL  line  at  1.0966  eV  in  In-implanted  Si  and  this  line  might  be  the  same  line  observed  in 
this  work.  However,  they  observed  the  1.0966  eV  line  in  samples  annealed  at  500  -  700X1.  In  our 
experiment,  the  1.097  eV  line  disappears  after  annealing  above  500X3.  Therefore,  we  consider  the 
1.097  eV  line  observed  in  this  work  to  be  due  to  a  different  origin  from  the  1.0966  eV  line. 

On  the  other  hand,  the  annealing  behavior  of  the  0.992  eV  line  is  strongly  affected  by  the  annealing 
conditions.  In  the  case  of  anne^ng  in  the  Nj  atmosphere,  this  line  does  not  appear.  The  0.992  eV 
line  is  observed  after  annealing  at  500X3  in  vacuum  and  after  annealing  at  300  -  500X3  in  vacuum 
with  Cu.  This  indicates  that  the  Cu  atom  plays  an  important  role  in  the  appearance  of  the  0.992  eV 
line,  as  does  the  annealing  temperature  and  the  annealing  atmosphere.  However,  the  defect 
responsible  for  the  0.992  eV  line  does  not  contain  a  Cu  atom  itself  because  the  line  also  appears  in  the 
samples  armealed  in  vacuum  without  Cu. 


Anneal  Temp.  ( °C  ) 
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Fig.  3.  PL  intensity  of  the  observed  lines  relative  to  the  intensity  of  the  bound  exciton  line 
in  Si  implanted  with  300  keV  B^  to  a  dose  of  2x10”  cm'^  as  a  function  of  annealing 
temperature  for  various  annealing  conditions:  (a)  in  a  Nj  atmosphere,  (b)  in  vacuum 
without  Cu,  and  (c)  in  vacuum  with  Cu.  The  original  intensity  of  the  II  line  at  the 
annealing  temperature  of  300X3  is  magnified  by  a  factor  of  0. 1 . 
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We  obtained  similar  results  for  the  P- 
implanted  samples.  PL  spectra  of  Si 
implanted  with  P  and  annealed  at  200  -  TOOL! 
in  vacuum  with  Cu  for  60  minutes  are  shown 
in  Fig.  4.  The  0. 992  eV  line  and  the  1 . 097  eV 
line  are  also  observed  in  the  PL  spectra  of  the 
P-implanted  samples,  but  the  12  line  is  not 
observed.  The  luminescence  center  of  the  12 
line  has  been  reported  to  contain  B  atoms 
because  the  12  line  appears  only  in  B- 
implanted  samples  and  shows  the  fine 
structures  due  to  the  B  isotope  effect  [4]. 
However,  the  0.992  eV  line  and  the  1.097  eV 
line  are  observed  in  both  the  B-implanted  and 
the  P-implanted  samples.  Thus  the 
luminescence  centers  of  these  lines  contain 
neither  B  atoms  nor  P  atoms.  In  Fig.  4,  in 
contrast  to  the  case  of  the  B-implanted 
samples  (Fig.  1),  the  0.992  eV  line  does  not 
appear  and  the  II  line  is  relatively  strong  in 
intensity  at  the  annealing  temperature  of 
300T:. 

The  PL  intensity  of  the  observed  lines  relative 
to  the  intensity  of  the  bound  exciton  line 
(  B''^(BE)  m  Fig.  4  )  in  the  P-implanted 
samples  are  plotted  as  a  function  of  annealing 
temperature  in  Fig.  5.  The  annealing  behavior 
of  the  PL  lines  in  the  P-implanted  samples  is 
a  little  different  from  that  in  the  B-implanted 
samples.  Comparing  the  P-implanted  c^e 
0  92  0.96  1.00  1.04  1.08  1.12  1.16  with  the  B-implanted  case,  the  1.097  cV  line 

is  observed  at  the  annealing  temperature  of 
Photon  Energy  ( eV )  300  -  dOOTl  in  both  cases.  However,  the 

relative  intensity  of  the  1.097  eV  line  is 
stronger  at  the  annealing  temperature  of 
Fig.  4.  PL  spectra  of  Si  implanted  with  700  keV  400‘C  in  the  P-implanted  samples  than  in  the 

P*  to  a  dose  of  2x10'^  cm^  and  annealed  at  200  -  B-implanted  samples.  On  the  other  hand,  the 

700^:  in  vacuum  with  Cu  for  60  minutes.  TLe  0.992  eV  line  appears  after  annealing  at 

notation  “x5”  indicates  that  the  original  intensity  OOOTT  in  vacuum  without  Cu  and  appears 

is  magnified  by  a  factor  of  5 .  over  the  annealing  range  of  400  -  bOOTl  in 

vacuum  with  Cu.  The  annealing  temperature 
at  which  the  0.992  eV  line  appears  in  the  P-implanted  samples  shifts  to  a  higher  temperature  range. 
The  intensity  of  the  II  line  does  not  decrease  after  annealing  at  300^2  in  vacuum  with  Cu  in  contrast 
to  the  case  of  the  B-implanted  samples.  In  our  experiment,  the  uncertainty  of  the  annealing 
temperature  was  ±530  and  the  annealing  temperature  could  be  verified  by  the  anne^ng  behavior  of 
the  other  PL  lines  such  as  the  13  line.  At  present,  we  consider  the  differences  in  the  annealing 
behavior  of  the  0.992  eV  line  and  the  1.097  eV  line  between  the  B-implanted  samples  and  the  P- 
implanted  samples  to  be  due  to  the  difference  in  the  amount  of  damage  induced  by  the  ion 
implantation.  In  this  experiment,  B'^  and  P^  were  implanted  at  300  keV  and  700  keV,  respectively, 
because  we  used  samples  with  the  same  projected  range  of  implanted  impurities.  Due  to  the  larger 
mass  of  P^  and  the  higher  implantation  energy,  more  defects  were  induced  in  the  P-implanted 
samples  than  in  the  B-implanted  samples.  , 

Now,  we  win  discuss  the  origins  of  the  0.992  eV  line  and  the  1.097  eV  line.  These  lines  are  only 
obsen^ed  after  the  ion  implantation  and  the  thermal  annealing,  thus  the  defects  induced  by  these 
processes  must  be  the  luminescence  centers  of  the  observed  Unes.  The  most  probable  defects  induced 
by  the  ion  implantation  and  the  thermal  annealing  are  point  defects  and  their  clusters  such  as 
divacancies.  The  II  - 14  lines  observed  in  the  ion-implanted  Si  have  been  reported  to  be  due  to  point 
defect  clusters  [3-6].  We  consider  the  0.992  eV  line  and  the  1.097  eV  line  to  also  be  due  to  the  pomt 
defect  clusters  induced  by  the  ion  implantation  and  thermal  annealing. 

The  0. 992  eV  line  appears  only  in  the  case  of  annealing  in  vacuum.  When  the  sample  is  mnealM  m  a 
Nj  atmosphere,  this  line  does  not  appear.  This  could  be  attributed  to  nitrogen  combining  with  the 
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0.992  eV  center.  However,  the  equilibrium  solid  solubility  of  nitrogen  is  low  in  Si  and  little  nitrogen 
is  introduced  in  Si  from  the  ambient  at  such  low  temperatures  as  used  in  this  work.  In  vacuum, 
though,  some  atoms  sueh  as  impurities  in  the  interstitial  site  are  more  likely  to  diffuse  out  of  Si  and  a 
new  defect  may  be  formed.  As  a  result  of  the  diffusion  of  such  atoms,  point  defect  clusters  may  be 
rearranged  and  the  0.992  eV  center  may  be  formed.  The  observed  effect  of  the  Cu  contamination 
suggests  that  Cu  atoms  strongly  enhance  the  formation  of  the  0.992  eV  center.  If  we  assume  that  the 
0.992  eV  center  is  formed  by  the  diffusion  of  atoms  into  vacuum,  Cu  atoms  would  enhance  this 
diffusion. 


0  200  400  600  800 


0  200  400  600  800 


Anneal  Temp.  ( °C  )  Anneal  Temp.  ( °C  ) 


Anneal  Temp.  ( °C  ) 


(a) 


(b) 


(c) 


Fig.  5.  PL  intensity  of  the  observed  lines  relative  to  the  intensity  of  the  bound  exciton  line 
in  Si  implanted  with  700  keV  to  a  dose  of  2x10'^  cm'^  as  a  function  of  annealing 
temperature  for  various  annealing  conditions:  (a)  in  a  Nj  atmosphere,  (b)  in  vacuum 
without  Cu,  and  (c)  in  vacuum  with  Cu.  The  original  intensity  of  Ae  II  line  is  magnified 
by  a  factor  of  0. 1  in  all  the  cases. 


Note  that  the  intensity  of  the  II  line  becomes  weak  at  the  annealing  temperature  where  the  0.992  eV 
line  appears  as  shown  in  Fig.  3.  This  suggests  that  the  0.992  eV  line  is  related  to  the  II  line.  The 
origin  of  the  II  line  is  still  controversial.  The  assignment  of  the  II  line  varies  from  vacancy  clusters  to 
interstitials.  Estreicher  et  al.  [12]  have  reported  recently  that  the  II  line  is  due  to  the  neutral  divacancy. 
The  0.992  eV  center  and  the  II  center  might  have  a  similar  stmcture  and  the  II  center  might  be 
transformed  into  the  0.992  eV  center.  This  idea  is  supported  by  the  fact  that  the  II  line  and  the  0.992 
eV  line  have  similar  phonon  stmctures. 

On  the  other  hand,  the  1.097  eV  line  depends  on  neither  the  annealing  atmosphere  nor  the  Cu 
contamination,  so  the  structure  and  the  formation  mechanism  of  the  1.097  eV  center  must  be  very 
different  from  those  of  the  0.992  eV  center.  We  have  not  yet  obtained  enough  data  to  determine  the 
origins  of  the  0.992  eV  and  1.097  eV  lines,  but  we  tentatively  attribute  these  lines  to  different  types 
of  point  defect  clusters. 

As  mentioned  above,  the  0.992  eV  center  and  the  1.097  eV  center  contain  neither  B  atoms  nor  P 
atoms.  The  defects  do  not  contain  Cu  atoms  although  the  Cu  contamination  strongly  affects  the 
annealing  behavior  of  the  0.992  eV  line.  At  present,  we  believe  the  0.992  eV  and  1.097  eV  centers 
are  clusters  of  vacancies  and/or  Si  interstitials.  We  have  not  yet  investigated  the  dependence  of  the  PL 
spectra  on  the  C  or  O  concentration,  and  it  is  possible  that  these  defects  contain  C  and/or  O  atoms. 
Defects  containing  C  or  O  atoms  in  Si  have  been  widely  studied  by  various  methods  including  PL 
measurement,  and  PL  lines  have  been  assigned  to  the  defect  complexes  containing  C  and  O  atoms  [13, 
14].  However,  PL  lines  similar  to  the  lines  observed  in  this  work  have  not  been  reported  in  those 
studies.  The  dependence  of  the  PL  spectra  on  the  C  and  O  concentrations  should  be  examined  in 
future  work. 
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We  have  measured  the  PL  spectra  of  Si  implanted  with  300  keV  or  700  keV  to  a  dose  of  2x10 
cm'^  and  observed  luminescence  lines  at  0.992  eV  and  at  1.097  eV.  These  lines  appear  after  thermal 
annealing  in  both  the  B-implanted  and  the  P-implanted  samples  and  the  centers  of  these  luminescence 
lines  contain  neither  B  atoms  nor  P  atoms.  The  centers  do  not  contam  Cu  atoms,  although  the  Cu 
contamination  strongly  affects  the  annealing  behavior  of  the  0.992  eV  line.  The  0.992  eV  line  appears 
only  after  annealing  in  vacuum,  while  the  1.097  eV  line  depends  on  neither  the  annealing  atmosphere 
nor  the  Cu  contamination.  The  structure  and  the  formation  mechanism  of  the  1.097  eV  center  are  very 
different  from  those  of  the  0.992  eV  center.  We  consider  these  lines  to  be  due  to  the  different  types  of 
point  defect  clusters.  The  annealing  behavior  of  the  PL  spectra  suggests  a  strong  correlation  between 
the  0.992  eV  center  and  the  II  center. 
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Abstract.  Microcrystalline  silicon  p-i-n  structures  show  a  good  responsivity  in  the 
visible  and  near  infrared  spectral  region.  We  have  used  a  1 .6  MeV  He^  beam  to  study  the 
-degradation  of  the  spectral  response  and  the  changes  in  the  current-voltage 
characteristics  of  such  detectors.  All  the  layers  in  the  detector  structure  were  deposited  by 
high-rate  plasma-enhanced  chemical  vapor  deposition.  Under  a  fluence  of  3x10*5  cm-2 
the  short  circuit  current  decreased  by  about  a  factor  of  3.  The  decrease  of  bulk  material 
recombination  life  time  is  evidenced  by  the  shift  of  the  peak  energy  of  the  spectral 
response  to  short  wavelengths.  The  degradation  effect  is  compared  to  reports  on 
amorphous  and  monocrystalline  silicon  detectors. 

Introduction. 

Radiation  effects  in  semiconductors  are  not  only  of  interest  for  understanding  defect 
creation  mechanisms  -  which  mainly  occur  through  inelastic  collisions  with  electrons  or 
elastic  collisions  with  atomic  nuclei  via  Rutherford  scattering  -  but  also  for  very  pratical 
purposes  like  the  estimate  of  soar  cell  life  time  for  space  applications.  The  incoming 
particles  suffer  energy  loss  either  through  ionization  or  through  direct  atomic 
displacement,  so-called  knock-on  collisions.  Standard  materials  like  crystalline  silicon 
(Si)  and  gallium  arsenide  (GaAs)  were  extensively  studied  in  the  60's  and  70's  by  groups 
at  NASA  and  JPL  [1,2].  In  particular,  using  1  MeV  electrons  the  degradation  of  the  short- 
circuit  current  in  silicon  pn  junctions  was  proven  to  follow  a  linear  dependence  on  the 
particle  fluence  (ft  [3],  This  originates  from  the  following  linear  increase  of  the 
recombination  rate  (t  is  the  recombination  life  time): 

I/t=  1/Tq  + (1) 

where  K^is  the  damage  coefficient  for  the  given  type  of  semiconductor  unter  test. 

One  report  stated  that  the  damage  coefficient  might  by  considerably  smaller  in  amorphous 
silicon  (a-SI:H)  films  and  devices  when  compared  to  pure  crystalline  silicon  (c-Si) 
material.  However,  a  later  study  showed  that  the  degradation  mechanism  does  not  follow 
the  simple  linear  behaviour  of  eq.  (1),  which  seems  to  be  a  natural  manifestation  of  the 
disorder  present  in  these  films  [4]. 
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In  this  study  we  use  entirely  microcrystalline  silicon  (|a,c-Si:H)  structures.  The  layers  were 
deposited  by  a  cyclic  chemical  vapor  deposition  method,  the  so-called  closed-chamber 
CVD  [5]  that  ensures  a  high  deposition  rates  of  1-2  A/s  at  low  substrate  temperatures. 
Thin  entirely  |.tc-Si:H  p-i-n  structures  result  in  photodiodes  with  an  enhanced  sensitivity 
to  the  near  infrared  region.  Details  of  the  optoelectronic  characterization  is  described 
elsewhere  [6],  however,  we  recall  that  the  optical  band  gap  lies  at  1.7  -  1.8  eV  similar  to 
a-Si:H.  It  will  therefore  be  one  of  our  goals  to  compare  degradation  in  those  three 
manifestations  of  silicon  materials. 


Ion  bombardment. 

For  degradation  of  the  microcrystalline  detector  structures  we  exposed  the  samples  to  a 
1.6  MeV  He4  beam  focussed  to  about  2  mm  diameter.  The  fluences  ranged  from  to 
3x1015  cm-2.  The  total  areal  thickness  of  the  samples  was  0.3  mg/cm2.  We  expect  a 
homogenous  profile  of  newly  created  defects  since  the  energy  loss  is  only  0.5 
MeV/mg/cm2  [7],  The  helium  beam  was  entering  the  samples  through  a  thin  Cr  contact 
layer  deposited  on  top  of  the  n-type  nc-Si;H  layer  as  indicated  in  Fig.  1. 


Light 


He'* 


I  n-|lc-Si:H 
i  -uc-Si;H 
p-|j.c-Si:H 


ITO 


Glass 


Fig.  1: 

Layout  of  the  fic-Si.H  p-i-n  detector.  The  He^ 
beams  enters  through  the  top  metal  contact  and 
the  light  beam  through  the  glass  substrate 


After  degradation  the  short  circuit  current  fc  and  open-circuit  voltage  Fqc  of  the  detectors 
were  measured  under  2  mW  HeNe  laser  light  (633  nm).  The  spectral  response  was  taken 
with  a  halogen  lamp  and  a  25  cm  focal  length  monochromator  between  400  and  1000  nm. 

Changes  in  the  spectral  response. 

First,  we  consider  the  changes  in  the  spectral  response  curves  taken  at  different  levels  of 
irradiation  (see  Fig.  2).  Apart  from  the  overall  decrease  one  can  observe  a  shift  of  the 
energy  of  maximum  response  towards  the  blue  spectral  region  when  the  fluence 
increases.  The  spectra  show  interference  fringes  reflecting  the  film  thickness. 
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Wavelength  (nm) 


Fig.  2: 

Spectral  response 
curves  for  two  levels 
of  degradation.  The 
non-degraded  case 
serves  as  a 
reference  level 


Fig.  3  shows  the  normalized  change  of  spectral  response  after  the  highest  irradiation  level 
considered.  The  overall  result  is  a  decrease  by  about  75  %  of  the  response  in  the  red  until 
near  infrared  region  and,  second,  a  much  smaller  degradation  in  the  blue  spectral  region. 


Fig.  3: 

Changes  in  the 
spectral  response 
indicating  a  75  Vo 
loss  of  responsivitiy 
in  the  visible  and 
near  infrared  region 
and  a  much  lower 
degradation  in  the 
blue  region 

400  500  600  700  800 

Wavelength  (nm) 

Short-cirucuit  current  degradation. 

From  measurements  under  red  laser  illumination  (about  60  mW/cm^)  we  found  that  the 
open-circuit  voltage  which  showed  initial  values  of  400  mV,  decreased  by  about  90 
mV.  The  decrease  in  short-circuit  current  is  much  stronger,  it  decreased  by  a  factor  of  3 
down  from  the  initial  value  of  about  8  mA/cm^. 

Fig.  4  shows  the  normalized  short-circuit  current  values  upon  different  levels  of  helium 
irradiation.  The  large  fluctuations  are  the  result  of  a  series  of  different  sources  of  error, 
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either  during  degradation  or  during  the  subsequent  optoelectronic  characterisation. 
However,  there  is  a  clear  difference  of  the  degradation  behaviour  also  shown  in  Fig.  4  for 
experiments  on  a-Si:H  Schottky  barrier  detectors  [4]  and  c-Si  solar  cells  (dotted  line)  [3]. 
It  is  important  to  note  that  in  all  three  cases  the  type  of  incident  particle  was  different;  12 
MeV  protons  were  used  for  the  first  study,  and  1  MeV  electrons  in  the  case  of  c-Si.  It  is 
known,  as  a  rule  of  thumb,  that  1  MeV  electrons  create  3000  times  less  damage  than  10 
MeV  protons,  so  the  relatively  early  onset  of  degradation  in  the  amorphous  and 
microcrystalline  detectors  is  expected. 


Discussion. 

Similar  to  the  case  of  degradation  of  a-Si:H  detectors  the  shift  of  the  spectral  response  to 
the  blue  region  in  the  microcrystalline  samples  indicates  that  the  internal  electric  field  is 
screened  after  charged  defects  have  been  created.  So  photogenerated  carriers  from  the 
center  region  of  the  p-i-n  structure,  especially  holes,  will  mostly  be  lost  by  recombination 
before  they  can  be  collected  at  the  contacts.  Blue  light  with  its  small  absorption  length 
will  create  holes  the  near  front  p-contact.  Electrons  can  more  easily  cross  the  device  due 
to  their  larger  mobility-lifetime  product.  It  would  be  helpful  to  check  this  reasoning  with 
numerical  simulation  programs  that  were  developed  in  recent  years  [8,9]. 

The  slight  difference  in  absolute  degradation  values  between  a-Si:H  and  |i,c-Si:H  solar 
cells  might  be  due  to  differences  in  the  stopping  power  of  10  MeV  protons  and  1.6  MeV 
He,  and  in  a  different  initial  level  of  defect  density. 

There  is,  however,  a  significant  difference  from  the  linear  degradation  hypothesis  of  eq. 
(1).  An  adequate  mathematical  description  should  take  two  effects  into  account,  defect 
creation  and,  once  a  large  enough  number  of  defects  is  created,  defect  annealing.  The 
following  ansatz  reflects  this  argument: 

5Nj=cr-Kar,„NdSr  (2) 

That  we  have  to  choose  an  exponent  m  smaller  than  1  is  suggested  not  only  from  the 
overall  result  for  the  normalized  short-circuit  current  reduction,  but  mainly  from  the 
knowledge  that  microcrystalline  silicon  does  behave  in  many  respects  similar  to 
amorphous  silicon.  It  can  actually  be  considered  of  a  mixed  material  where  the  main 
tissue  is  made  of  small  silicon  crystallites  which  are  embedded  in  an  amorphous  matrix. 
From  this  material  it  is  well  known  that  degradation  by  any  type  of  irradiation  -  light, 
electrons,  ions  -  does  indeed  follows  a  power  law  due  to  its  inherent  disorder.  In  addition, 
a  certain  degree  of  metastability  is  observed  in  the  electrical  properties  of  amorphous 
films  and  can  be  monitored  by  the  amount  of  defect  density  present.  The  interesting 
aspect  of  metastability,  however,  is  not  further  discussed  here. 

The  annealing  term  is  only  seen  when  the  defect  density  reaches  saturation.  In  the 
experiments  described  here  this  point  is  far  from  being  reached.  So  we  can  consider  the 
simpler  case  without  annealing  which  leads  to  the  simple  relation: 

Ulsc,0-No/(No+cr) 


(3) 
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Fig.  4: 

Normalized  short-circuit 
current  degradation  for 
the  microcrystalline  p-i-n 
detector  and  comparison 
with  literature  data  on 
amorphous  and  crystalline 
silicon  detectors 
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A  reasonable  fit  within  the  possibilities  of  the  limited  amount  of  data  available  is 
obtained  with  the  exponent  m  -  0.8,  very  near  to  results  obtained  in  a-Si;H  {m  -  0.62) 

Also,  there  is  a  minimum  fluence  (jto  of  about  lO^  cm‘2  that  is  necessary  before  the 
samples  show  any  degradation.  This  is  obviously  a  reflection  of  the  initial  non-zero  defect 
density  present  in  the  non-degraded  microcrystalline  films. 

An  interesting  question  is  whether  radiation-induced  defects  are  created  homogeneously 
within  the  microcrystalline  films  or  whether  the  detector  structure  is  more  sensitive  to 
degradation  of  its  interfaces.  There  has  been  a  long  debate  in  the  literature  on  this  topic  as 
far  as  degradation  of  amorphous  silicon  solar  cells  under  strong  illumination  is 
concerned.  We  suggest,  that  due  to  the  long  penetration  depth,  and  presuming  a  fairly 
balanced  initial  state  of  interface  and  bulk  quality,  that  the  degradation  is  acting 
homogeneously  throughout  the  detector.  It  would  be  challenging  to  test  this  conclusion  in 
future  with  numerical  simulation  programs. 


Conclusion. 

We  have  monitored  the  performance  degradation  of  microcrystalline  silicon  p-i-n 
detectors  upon  irradiation  with  1.6  MeV  helium  ions.  As  reported  in  the  case  of 
amorphous  silicon  based  cells,  the  degradation  is  best  seen  in  the  normalized  short-circuit 
current  and  follows  a  power  law  behaviour  with  an  exponent  of  0.8.  We  suspect  that  the 
magnitude  of  this  exponent  will  vary  with  the  degree  of  disorder  present  in  the 
microcrystalline  films.  This  type  of  experiments  are  quite  advantageous  for  the  study  of 
ion-induced  effects  in  detector  structures,  since  a  15  min  run  with  He  ions  can  replace  the 
need  to  test  solar  cells  in  a  three  year  space  mission. 
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Abstract.  Radiation  induced  conductivity  (RIQ  of  a-Si:H  has  been  studied  under  17  MeV  proton 
irradiation.  Electric  conductivity  increases  during  the  proton  irradiation,  and  the  conductivity 
enhancement  remains,  to  some  degree,  even  after  stopping  the  irradiation.  At  J  ^  400  K,  the  protons 
cause  the  persistent  excited  conductivity  (PEQ.  The  PEC  continues  longer  at  the  lower  temperatures. 
At  J  =  200K,  the  PEC  sustains  itself  over  30  hours,  after  the  irradiation  for  2  min.  Simultaneously  with 
occurrence  of  the  PEC,  a  hump  around  E  =  1.9  eV  appears  in  the  photoconductivity  spectrum.  The  PEC 
disappears  after  annealing  above  T  =  450  K. 


Introduction 

Hydrogenated  amorphous  Si  (a-Si:H)  has  been  widely  used  for  solar  cells  and  optical  sensors,  etc.,  since 
hydrogen  passivation  of  dangling  bonds  has  succeeded  in  a  high  quantum  efficiency.  However,  a-Si:H 
is  subjected  to  the  so-called  Staebler-Wronski  (SW)  effect  [1],  ie., strong  light  illumination  deteriorates 
both  photo-  and  dark  conductivity.  The  SW  effect  is  basically  explained  in  terms  of  defect  formation 
due  to  electronic  excitation. 

Recently,  it  has  been  proposed  [2]  that  a-Si:H  is  potentially  applicable  for  devices  under  strong  radiation 
fields,  e.g.,  in  spacecrafts,  accelerators  and  nuclear  reactors.  As  for  photoconductivity(PC),  a-Si:H 
showed  higher  radiation  performance  than  crystalline  Si  (c-Si)[2],  which  was  tentatively  ascribed  to 
stractural  flexibility  of  the  amorphous  structure.  High-energy  ions  {E>  I  MeV/amu),  as  injected  into 
a  solid,  deposit  most  of  the  incident  energy  via  electronic  excitation.  Only  a  small  amount  of  the  energy 
is  partitioned  to  atomic  displacements.  Accordingly,  SW-like  effects  could  be  also  induced  by  high- 
energy  ions. 

In  this  point  of  view,  radiation-induced  conductivity  (RIC)  of  a-Si:H  by  17  MeV  protons  has  been 
studied.  The  RIC  slowly  increases  during  the  irradiation,  and  shows  extremely  slow  decay  after 
terminating  the  irradiation.  This  behavior  is  entirely  different  from  the  conventional  SW  effect,  and 
we  call  this  RIC  as  persistent  excited  conductivity  (PEC). 


Experimental 

Specimens  of  1  -  2  m  thickness  were  fabricated  by  glow-discharge  onto  silica  substrates  (fused  quartz) 
at  500  K  The  ohmic  electrodes  were  made  by  A1  films  pre-deposited  onto  the  substrates.  Spin  density 
of  as-grown  specimens,  measured  by  ESR,  was  3  *10’®  cm  ^  which  confirmed  the  good  quality.  Just 
before  the  measurement,  the  specimens  were  annealed  at  T  =  450K,  to  maximize  the  photoresponse. 
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Experimental  setups  were  similar  to  those  described  in  Ref.  [3].  A  17  MeV  proton  beam  from  the 
NRIM  cyclotron  was  used  for  irradiation.  For  PC  measurements,  a  halogen  lamp  via  a  monochromator 
was  employed  as  an  excitation  source. 

According  to  TRIM  code[4],  the  projectile  range  calculated  is  1.7  mm  in  Si,  which  is  much  larger  than 
thickness  of  the  specimen.  Since  all  the  incident  protons  pass  through,  the  specimens  are  free  from 
hydrogen  implantation.  The  TRIM  calculation  indicates  that  electronic  excitation  and  damage 
generation  are  uniform  along  the  depth.  Specimen  temperatures  under  the  irradiation  were  well 
controlled,  within  0.2K[5]  even  under  the  irradiation. 


Results 

Electric  conductivity  O' ,  induced  by  visible  light  (  2.1  eV)  and  protons  (  17  Me'V),  is  shown  in  Fig.l. 
In  the  case  of  the  light  (  ie.,  photoconductivity),  the  a  steeply  increases  in  the  beginning  of  the 
irradiation,  and  subsequently  keeps  a  high  value  during  the  irradiation.  After  terminating  the  irradiation, 
the  O'  instantly  returns  to  the  value  before  the  irradiation.  It  was  confirmed  that  light  irradiation  of 
much  stronger  intensity  caused  the  typical  SW  effect. 

In  the  case  of  the  proton,  the  O'  shows  a  steep  rise,  followed  by  a  gradual  rise  during  the  irradiation. 
After  stopping  the  irradiation,  the  O'  decays  but  maintains  a  2  -  3  orders  higher  value  than  the 
unirradiated  one.  This  enhanced  dark-conductivity  lasts  for  hours,  decaymg  very  sluggishly,  and  is 
named  as  persistent  excited  conductivity  (PEC).  It  was  verified  that  this  phenomenon  was  not  due 
to  the  substrate  but  inherent  in  a-Si:H,  since  no  PEC  occurred  in  the  bare  silica  substrate  without 
a-Si:H. 

Before  the  irradiation,  the  I-'V  characteristics  were  not  sufficiently  ohmic,  due  to  the  low  O' .  However, 
the  characteristics  became  ohmic,  under  the  light  and  after  the  proton  irradiation. 

After  the  proton  Irradiation,  the  visible  light  was  repeatedly  irradiated.  The  quick  response  of  the 
photocurrent  was  reversible,  while  the  dark-conductivity  (PEC)  was  higher  than  the  unirradiated.  The 
increment  of  O  was  the  same  as  that  before  the  proton  irradiation.  The  photocurrent  response  was 
quick  enough  to  be  separate  from  the  PEC. 


Fig.l  Electric  conductivity  due  to  visible  light  and  Fig.2  Electric  conductivity,  on  a  longer  time  scale, 
ITMeV  proton  irradiations.  Irradiation  time  is  due  to  17  Me'V  proton  irradiation  of  2  min. 

both  1  min. 
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The  PEC  continues  longer  at  the  lower  temperatures.  Time  evolution  of  conductivity  at  T=  200K  is 
shown  in  Fig.2.  The  PEC  sustains  itself  over  30  hours,  after  the  proton  irradiation  for  2min. 
Temperature  dependence  of  the  PEC  is  shown  in  Fig.3.  The  PEC  decays  faster  with  increasing  the 
temperature,  and  disappears  at  T  =  450  K.  It  is  noted  that  the  dangling  bonds  of  a-Si:H  are  annealed 
out  in  a  similar  temperature  region  [1].  The  PEC  decay  does  not  follow  a  single  exponential  function. 
The  decay  curves  are  likely  to  fit  with  a  stretched  exponential  function  [6],  ie., 

a(t)=  a^expHt/r/},  (1) 

where  the  time-constant  z  and  the  exponent  p  depend  on  temperature.  In  the  best -fit  conditions,  the 
p  disperses  between  0.2  and  0.6,  and  the  z  steadily  decreases  with  increasing  T.  The  curves  at  the 
lower  temperatures  are  well  fitted  with  Eq.(l),  while  they  somewhat  deviate  at  T  ^  300K. 


TIME  (min) 


T  (K) 


Fig.3  Temperature  dependence  of  the  PEC  Fig.4  Conductivity  evolution  under  a  constant  heating 
decay.  Circles  are  the  fitting  of  the  rate,  after  the  proton  irradiation  at  200K.  After 

stretched  exponential  decays.  the  annealing  at  450K,  the  temperature  is  decrea¬ 

sed  at  the  same  rate. 


Isochronal  annealing  was  attempted,  but  the  results  were  scattered,  sensitively  depending  on  aimealing 
time  and  temperature-ramp  rate.  It  is  probably  due  to  a  variety  of  recovery  temperatures  for  defects 
in  the  amorphous  structure.  To  roughly  evaluate  the  recovery  behavior,  an  alternative  method  using 
a  constant  ramp  rate  was  conducted. 

Results  shown  in  Fig.4  are  conductivity  evolutions,  obtained  in  the  following  sequence.  The  specimen, 
irradiated  at  200  K  for  1  min,  was  heated  with  a  constant  rate  7  K/min,  up  to  450K.  Then  the  specimen 
was  retained  at  450  K  for  20  min  until  the  PEC  annihilated.  After  the  450K-aimealing,  the  specimen 
was  cooled  down  at  the  same  constant  rate.  Since  the  curve  after  the  450K-aimealing  does  not  include 
the  PEC,  approaching  to  the  curve  indicates  recovery.  There  are  recovery  stages  around  300K  and 
420K.  Another  wide  stage  exists  around  200  -  250  K.  (see  curve(a).)  In  the  case  of  curve  (b),  the 
specimen  was  once  annealed  to  240K  after  the  irradiation.  By  means  of  this  pre-aimealing,  the  recovery 
stage  at  200  -  250K  (curve  (a))  vanishes,  as  seen  in  the  curve  (b). 

As  shown  in  Fig.3,  the  decay  curves  above  300K  deviate  from  the  stretched  exponential.  The  deviation 
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may  result  from  the  partial  annealing  of  various  defects,  e.g.,  reduction  in  disorder  [6].  A  conductivity 
response  to  longer  irradiation  is  shown  in  Fig.5.  The  o  increases  and  saturates  for  the  initial  10  min, 
and  then  tends  to  steadily  decrease.  The  latter  decrease  is  attributable  to  formation  of  deep  defect 
levels  via  the  atomic  displacement  or  a  SW-like  effect. 

Figure  6  shows  PC  spectra  before  and  after  the  proton  irradiation,  and  a  spectrum  after  the  annealing. 
It  is  again  noted  the  photocurrent  response  is  quick,  even  in  co-existence  with  the  PEC.  After  the 
irradiation,  the  PC  increased  only  by  a  factor  of  2,  though  the  dark-conductivity  increased  about  3 
orders.  By  the  450K  annealing,  the  PC  decreased  to  the  value  before  the  irradiation.  To  compare  the 
relative  shapes,  the  spectra  were  normalized  at  the  values  at  £  =  2.2  eV  (  shown  by  an  arrow).  A 
shoulder  around  E  =  1.9  eV  is  enhanced  by  the  irradiation,  and  decreases  after  the  annealing.  In  Fig. 6, 
the  normalized  curves  of  3  min  and  38  min  after  the  irradiation  coincide  with  each  other,  but  magnitude 
for  3  min  is  larger  than  that  for  38  min. 
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Fig.5  Electric  conductivity  for  a  longer  time  irradia¬ 
tion  of  the  proton.  The  proton  flux  is  also 
given.  The  flux  is  2-3  times  higher  than  the 
other  measurements,  to  quickly  obtain  the 
decrease  in  RIC. . 


Fig.6  Photoconductivity  spectra  before  and  after  the 
proton  irradiation,  and  at  3  and  38  min  past. 
The  spectrum  annealed  at  450K  is  also  given. 
All  the  spectra  are  normalized  at  the  values  at 
2.2  eV.  (indicated  by  an  arrow). 


Discussion 

Similarity  between  RIC  and  PC  in  c-Si. 

It  is  important  in  understanding  the  mechanisms  to  compare  the  RIC  results  of  a-Si;H  with  those  of 
crystalline  Si  (c-Si).  Evolution  of  the  RIC  in  c-Si  has  been  studied  by  using  17  MeV  protons[7,8].  In 
c-Si,  the  RIC-response  to  the  proton  irradiation  is  quick  and  reversible,  except  for  the  long-term 
degradation.  The  time  response  and  the  fluence  dependence  in  c-Si  are  qualitatively  similar  between 
the  RIC  and  the  photoconductivity  (PC).  While  non-doped  c-Si  easily  degrades  with  the  irradiation[3], 
the  RIC  and  PC  in  doped  c-Si  gradually  decrease  with  accumulating  the  defects[7].  As  well  as  the  PC, 
the  quick  response  of  RIC  is  therefore  regarded  as  being  induced  by  electron-hole  generation,  due  to 
the  band-to-band  transition.  In  c-Si,  the  entire  proton  effects  are  described  roughly  with  two  separate 
processes,  i.e.,  electronic  excitation  for  a  short  period  and  defect  production  for  a  long  tem.  The 
electronic  excitation  occasionally  affects  atomic  displacements,  e.g.,  a  shift  of  the  defect  annealing  stage 
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by  electronic  excitation  [9],  In  comparison  with  a-Si:H,  the  electronic  excitation,  however,  does  not 
greatly  affect  the  overall  atomic  arrangement.  It  is  probably  because  of  the  lattice  rigidity  of  c-Si,  as 
will  be  discussed  later. 

Contrast  ofRIC  between  a-Si:H  and  c-Si. 

In  contrast,  RIC  of  a-Si:H  shows  quite  different  behaviors  from  that  of  c-Si.  The  RIC-response  to  the 
protons  is  sluggish  in  a-Si:H  and  the  most  striking  is  the  PEC,  lasting  long  after  stopping  the  proton 
irradiation.  These  slow  processes  imply  metastable  structural  changes  indicating  atomic  movements. 
It  is  noted  that  collislonal  effects  are  basically  the  same  between  amorphous  and  crystalline  Si,  since 
displacement  energy  (minimum  energy  to  displace  an  atom)  of  covalent  network  should  be  close  to 
each  other.  The  of  a-Si:H  could  be  slightly  smaller  than  that  of  c-Si  (15.8eV[10]),  since  the  so- 
called  weak-bonds  partially  exist.  Consequently,  the  different  evolution  of  RIC  is  ascribed  to  different 
electronic  processes  and/or  to  being  amorphous.  In  other  words,  the  proton  effects  in  a-Si:H  are  not 
separately  described  with  the  electronic  excitation  and  the  atomic  displacement.  It  is  speculated  for 
a-Si:H  that  the  large  electronic  excitation  by  protons  causes  metastable  atomic  displacements,  because 
of  localization  of  the  electronic  states  and  flexibility  of  the  amorphous  structure. 

Mechanism  of  RIC  and  PEC  in  a-Si:H. 

To  understand  mechanisms  of  the  PEC,  the  PC  spectra  arc  informative.  As  seen  in  Fig.6,  the  spectral 
shape  around  the  band  edge  changes  before  and  after  the  irradiation,  also  depending  on  the  aimealing 
condition.  A  shoulder  (hump)  emerges  at  £=  1.9  eV,  somewhat  larger  than  the  energy-gap,  and 
vanishes  after  annealing  at  450K.  There  are  two  options  to  interpret  the  shoulder  in  the  PC  spectra. 
One  is  an  effect  associated  with  interference  fiinge  of  the  film.  The  other  is  a  change  in  density-of-states 
due  to  defect  levels.  In  the  former  case,  the  irradiation  generates  a  material  phase  or  states  of  different 
refractive  index,  and  the  phase  annihilates  by  the  aimealing.  However,  the  former  is  less  likely,  because 
the  energy  position  of  the  shoulder  does  not  shift.  The  change  in  density-of-states  is  consistent  with  the 
spectra  and  the  other  results. 

Although  the  rapid  component  of  RIC  in  a-Si:H  is  due  to  electron-hole  generation  (Fig.l),  origins  of 
the  slow  components  and  the  extremely  slow  PEC  are  not  known.  The  candidate  mechanisms  are  (1) 
spurious  effects  due  to  beam  heating,  (2)  RIC  of  silica  substrate,  (3)  Persistent  photoconductivity  (PPC) 
which  is  observed  in  GaAlAs  system[ll],  (4)  nuclear-transmutation  doping  of  shallow  unstable  isotopes 
by  protons,  (5)  reverse  SW  effects,  (6)  beam-annealing  of  deep  defect  levels,  (7)  beam-induced  phase 
transformation  (including  recrystallLzation),  and  (8)  radiation-induced  defects  with  shallow  levels. 
However,  only  the  last  two  cases,  (7)  and  (8),  agree  with  the  experimental  results,  and  the  others  are 
excluded  as  follows:  The  long-time  decay  over  30  hours  eliminates  the  case  (1).  Since  the  PEC  does 
not  occur  in  the  silica  substrate  without  a-Si:H,  the  case  (2)  is  excluded.  Since  the  PEC  is  not  caused 
by  photoexcitation,  the  (3)  is  denied.  The  PPC  is  a  strange  but  fairly  common  phenomenon[6],  observed 
in  many  semiconductors.  The  PEC  is  quite  different  from  the  PPC  and  is  inherent  in  ion  irradiation. 
From  the  strong  temperature  dependence  of  the  PEC,  the  (4)  is  denied.  No  nuclear  transmutations  have 
such  a  strong  temperature  dependence.  Also,  cross-sections  of  the  relevant  reactions  are  too  small. 
Since  the  normal  SW  effect  is  observed  under  photoexcitation  in  our  specimens,  the  (5)  is  denied. 
Neither  the  (6)  is  likely,  because  defects  must  be  generated  coincidently  with  the  decay. 

As  for  the  phase  transformation  (7),  nuclear-energy  deposition  would  not  yield  the  bulk  transformation 
because  the  point-defect  density  ( 10  ®  ~10  ®  dpa)  for  the  present  is  too  low.  However,  electronic 
excitation  may  cause  a  significant  effect.  It  is  known  for  a-SiO^  that  electronic-energy  deposition  of  an 
ion  beam  induces  a  high-density  phase  with  different  refractive  index.  The  proton  beam  may  induce  a 
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high-mobility  phase  with  different  refractive  index  in  a-Si:H,  via  electronic  excitation.  This  case  (7)  is 
not  very  probable,  since  experimental  evidence  is  yet  not  obtained  as  discussed  above(Fig.6)  and  the 
metastability  of  PEC  ( Figs.2  and  3)  may  not  be  given  by  the  transformation.  In  any  case,  the  possibility 
of  (7)  cannot  be  decisively  excluded. 

Finally,  the  case  (8)  explains  appearance  of  the  shoulder  in  the  PC  spectra,  as  near-band-edge  levels. 
This  is  also  consistent  with  the  quick  PC  response,  even  in  coexistence  with  the  PEC.  Consequently, 
the  promising  mechanism  of  the  slow  RIC  and  PEC  is  production  and  the  metastable  recovery  of 
shallow  levels  near  the  band-edge. 

As  shown  in  Fig.4,  there  occur  two  distinct  (  300K  and  420K  )  and  one  broad  ( 200-  250K)  recovery 
stages.  It  has  been  reported  [1]  that  the  dangling  bonds  (DB)  are  annealed  out  above  T=  420K.  Since 
the  DB’s  are  believed  to  act  as  deep  levels,  other  type  of  defects  arc  responsible  for  those  recovery 
stages.  Since  shallow  defect  levels  by  particle  irradiation  have  not  been  reported  in  a-Si:H,  the  shallow 
levels  are  possibly  due  to  cascade  defects,  generated  by  high-energy  ion  irradiation.  This  is  the  reason 
why  the  PEC  has  not  been  observed  under  electron  irradiation[12],  where  low-energy  electrons  generate 
dangling  bonds  or  small  defects  as  deep  centers. 

Another  possible  origin  of  the  shallow  levels  may  be  interfacial  defects  between  a-Si:H  and  the  substrate, 
though  it  is  not  clear  why  the  PEC  has  not  been  observed  under  electronic  irradiation.  Further 
investigation  of  the  RIC-  and  PEC-mechanisms  is  underway. 


Summary 

Radiation  induced  conductivity  (RIC)  of  a-Si:H  has  been  studied  under  17  MeV  proton  irradiation. 
At  r  ^  400  K,  RIC  with  very  long  lifetimes  is  observed.  After  terminating  the  irradiation,  the 
conductivity  decays  but  keeps  a  2  -  3  orders  higher  value  than  the  unirradiated  one.  This  persistent 
excited  conductivity  (PEQ  continues  longer  at  the  lower  temperatures.  At  T  =  200K,  the  PEC  sustains 
itself  over  30  hours  after  the  frradiatlon  for  2  min.  The  PEC  disappears  after  annealing  at  T  =  450  K. 
The  origin  of  the  PEC  may  be  shallow  defect  levels  which  are  generated  by  high-energy  proton  irradiation. 
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Abstract.  The  implantation  of  noble-gas  (NG)  ions  into  Si  followed  by  an  anneal  results 
in  the  formation  of  defects  observed  by  photoluminescence  (PL).  The  defects  grow  at  the 
expense  of  the  PL  band  at  1018  meV.  This  paper  discusses  the  results  of  calculations  which 
involve  the  NG  atom  and  vacancies.  The  results  explain  many  of  the  observed  features  of 
the  NG-related  centers  and  imply  that  the  1018  meV  band  is  associated  with  the  neutral 
divacancy.  Theory  suggests  that  Xe  should  be  covalently  bound  in  a  divacancy  and  behave 
differently  from  the  other  NG  complexes. 

I.  Introduction. 

Noble-gas  (NG)  elements  are  commonly  used  in  semiconductor  processing.  They  provide  inert 
atmospheres  for  crystal  growth  and  thermal  anneals.  NG  ions  are  used  in  dry  etching,  ion 
beam  milling, [1]  sputtering,  or  the  formation  of  thin  amorphous  films  on  crystalline  surfaces. 
Implantation  followed  by  thermal  anneals  is  carried  out  to  create  ‘bubbles ’,[2]  which  are 
efficient  gettering  centers,  [3]  NG  ion  implantation  results  in  the  formation  of  dislocation 
loops,  microtwins, [2,4]  and  the  appearance  of  photoluminescence  (PL)  centers.  [5] 

In  the  early  1980’s,  it  was  noticed[6,7]  that  NG-related  defects  in  Si  give  rise  to  sharp  PL 
peaks.  NG  ions  are  implanted  with  energies  of  several  keV’s.  A  ~  250  °C  anneal  results[l,5] 
in  the  formation  of  deep-level  defects  which  give  rise  to  rich  PL  spectra.  The  zero-phonon 
lines  are  closely  related  to  the  1018  meV  (or  ‘7i’  or  ‘W’)  line  and  grow  at  its  expense.  They 
are  at  1012  (He),  1014  (Ne),  1009  (Ar),  1004  (Kr),  and  1001  (Xe)  meV. 

The  1018  meV  line  appears  after  an  anneal  of  Si  samples  exposed  to  neutron  irradiation, 
ion  implantation,  thermal  laser  anneals,  or  other  damage-inducing  treatments,  and  is  caused 
by  an  intrinsic  defect.  The  line  has  Czv  symmetry.[8]  It  has  been  tentatively  associated 
with  the  ‘A3’  center[9]  (believed  to  be  a  trigonal  tetravacancy)  and  with  the  trigonal  di- 
intersticialcy.[10]  The  NG-related  PL  lines  have  the  following  features.  [5-7] 

1.  Piezospectroscopic  studies  show  that  they  correspond  to  defects  with  trigonal  symmetry, 
except  Xe  which  is  associated  with  a  tetragonal  defect. 

2.  The  thermal  stability  of  the  complex  is  ~  450°C  (only  ~  300‘’C'  for  He).  After  this  anneal, 
the  bands  disappear  and  are  replaced  by  a  broad  and  NG-independent  PL  band. 

3.  The  occurrence  of  TA  phonon  modes  in  the  spectrum  shows  a  coupling  of  these  modes  to 
the  NG  lines.  Tkachev  et  al.  suggested[6]  that  NG-Si  covalent  bonds  are  formed.  However, 
an  empirical  model[5,ll]  provides  a  simpler  explanation  involving  only  strain  effects. 

4.  Sharp  zero-phonon  transitions  and  low-energy  satellites  are  observed.  The  rich  vibrational 
spectrum  suggests  a  complex  defect.  Some  modes  shift  with  the  NG  isotope  while  others 
do  not.  The  zero-phonon  line  shifts  toward  lower  energies  (relative  to  the  1018  meV  line) 
and  the  smallest  shift  occurs  for  Ne. 
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5.  The  splitting  of  the  NG-related  PL  lines  under  uniaxial  stress  is  non-linear  and  NG- 
dependent.  Varying  the  stress  at  constant  temperature  shows  that  the  intensity  ratios 
vary  much  less  than  would  be  expected  from  the  reorientation  of  four  trigonal  centers. 

6.  The  energy  threshold[l,12,13]  required  to  create  the  NG-related  PL  centers  is  consistent 
with  a  defect  containing  at  most  4  vacancies. 

7.  According  to  standard  implantation  theory,  the  NG  ions  should  penetrate  only  a  few  dozen 
A’s.  Instead,  they  are  observed[l,14]  at  depths  of  ~  1  pm.  The  enhanced  diffusion  occurs 
during  the  initial  exposure,  not  the  subsequent  anneal. 

8.  It  is  unclear  whether  the  defect  responsible  for  the  PL  forms  during  the  implantation  and 
becomes  PL  active  after  the  anneal,  or  is  created  during  the  anneal. 

Details  about  the  properties  of  NG  elements  and  a  review  of  earlier  theoretical  work  are 
in  Ref.  [15].  The  early  theoretical  work  used  Extended  Hiickel  theory  and  ignored  lattice 
relaxations  and  distortions. 

II.  Methodology. 

We  performed  geometry  optimizations  in  Ci  symmetry  for  interstitial  He,  Ne,  Ar,  and  Kr 
as  well  as  for  each  interacting  with  vacancies.  Our  goal  is  to  obtain  the  general  features  of 
the  various  defect  centers.  We  plan  to  perform  higher-level  calculations  on  selected  defect 
structures  when  these  become  computationally  tractable. 

The  present  results  were  obtained  with  the  approximate  ab-initio  Hartree-Fock  (HF)  method 
of  partial  retention  of  diatomic  differential  overlap  (PRDDO/M).[16]  Its  results  are  compa¬ 
rable  to  minimal  basis  set  ab-initio  HF  ones,  but  the  calculations  are  substantially  faster. 
This  allows  us  to  perform  a  large  number  of  geometry  optimizations  that  would  require  pro¬ 
hibitive  amounts  of  CPU  time  at  the  ab-initio  level.  The  Si  ciystal  is  approximated  by 
H-saturated  clusters[17]  with  14  host  atoms  for  the  ab-initio  calculations  and  44  host  atoms 
for  the  PRDDO/M  ones. 

In  the  case  of  interstitial  NG  impurities,  for  which  small  clusters  can  be  used,  we  also  per¬ 
formed  ab-initio  HF  calculations  with  Hay-AVadt  (HW)  core  potentials. [18]  For  Si  atoms,  a 
polarized  split-valence  (SV*)basis  set  was  used,  with  a  SV  basis  set  for  the  H  saturators.  The 
NG  atoms  were  treated  at  the  all-electron  level  with  an  SV*  basis  set. 

PRDDO/M  is  self-consistent  and  contains  no  semiempirical  parameters.  It  can  handle  at  a 
uniform  level  of  theory  the  elements  in  the  first  four  rows  of  the  Periodic  Table.  It  uses  a 
minimal  basis  set  of  Slater  orbitals,  to  which  we  added  a  set  of  Sd  s  for  the  nearest-neighbors 
(NNs)  to  the  vacancy  or  divacancy.  The  method  provides  reliable  geometries  but  approximate 
energetics  and  electronic  structures.  The  energy  differences  are  larger  than  the  ab-initio  ones. 
The  comparison  of  PRDDO/M  and  ab-initio  HF  results  for  interstitial  NG  impurities  shows 
that  both  methods  predict  the  same  (qualitative)  behavior. 

III.  Results. 

NG  interstitials:  Interstitial  NG  impurities  are  at  the  tetrahedral  interstitial  (T)  site.  There 
is  very  little  perturbation  to  the  energy  eigenvalues  relative  to  the  perfect  cluster  in  the  case 
of  He  and  Ne,  which  minimally  perturb  the  host  crystal  (less  than  1%  lattice  relaxation). 
Ar,  Kr,  or  Xe  result  in  increasingly  large  lattice  relaxations  around  the  T  site  and  some 
band-tailing  occurs. 

The  saddle  point  for  the  diffusion  is  at  the  hexagonal  interstitial  (H)  site.  The  activation 
energies  for  diffusion  calculated  at  the  ab-initio  HF  level  are  1.38  eV  for  He  (experiment. [19] 
1.27  eV),  2.03  eV  for  Ne,  3.51  eV  for  Ar,  3.88  eV  for  Kr,  and  3.93  eV  for  Xe.  The  PRDDO/M 
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values  are  larger  (see  below). 

Since  interstitial  NG  impurities  have  Td  symmetry  and  no  deep  levels  in  the  gap,  they  cannot 
be  the  centers  causing  the  PL.  Since  their  activation  energies  for  diffusion  are  very  high,  they 
cannot  by  themselves  diffuse  rapidly. 

NG-vacancy  interactions:  The  monovacancy  (Vi)in  Si  is  a  fast  diffuser. [20,21]  The  ex¬ 
pected  reaction  between  an  interstitial  atom  and  Vi  consists  in  the  interstitial  becoming 
substitutional.  The  case  of  NGs  is  different  because  the  promotion  energy  from  the  ground 
to  the  lowest-energy  open-shell  configuration  is  very  large  and  a  NG  atom  will  not  bind  to 
the  host  atom.  Inside  Vi,  a  NG  not  only  disrupts  the  rebonding,  but  is  strongly  repelled 
by  the  electron  density  in  the  reconstructed  bonds.  Geometry  optirhizations  for  a  NG  inside 
result  in  .  energies  substantially  higher  than  outside  Vi,  near  the  T  site.  Even  in  the  best 
configuration,  the  {NG,  Vi}  pair  is  much  higher  in  energy  than  the  isolated  interstitial  NG 
far  away  from  Vi.  The  NG-Vi  repulsion  energy  is  compared  to  the  activation  energy  Ea  for 
diffusion  of  the  interstitial  NG  in  Fig.  1. 


FIGURE  1:  The  clashed  line  is  the  activation  energy  of  the  interstitial  NG  and  the  solid  line  the  NG-vacancy 
repulsion,  both  calculated  at  the  PRDDO/M  level. 

The  NG-Vi  repulsion  is  less  than  Ea  for  He  and  Ne,  and  more  for  Ar  and  Kr.  However, 
the  difference  between  the  two  curves  is  small.  This  suggests  an  unusual  vacancy-enhanced 
diffusion  mechanism.  If  an  energetic  flux  of  Vi’s  comes  from  the  surface  as  could  occur  during 
the  etching, [22]  the  vacancies  would  repel  the  NG  interstitials  with  enough  energy  to  help 
them  overcome  the  barrier. 

Noble-gas— divacancy  complexes:  The  lowest-energy  structure  of  the  neutral  V2  in  Si 
calculated  at  the  PRDDO/M  level  is  shown  in  Fig.  2.  The  configuration  was  obtained  in  the 
(44-2)  Si  atoms  cluster  by  gradient  optimization  of  its  six  NNs  in  Ci  symmetry.  The  three  Si 
atoms  above  and  below  the  center  of  V2  rearrange  themselves:  one  of  them  forms  a  ‘strong’ 
bond  with  its  two  NNs  and  the  other  two  form  one  ‘weak’  bond  with  each  other  and  each 
makes  a  bond  ‘across’  V2.  The  overlap  population  in  each  of  these  reconstructed  bonds  is 
positive,  indicating  a  bonding  interaction.  Note  that  the  bond  strengths  are  not  known  or 
predicted!  The  words  ‘strong’  and  ‘weak’  refer  only  to  the  degree  of  bonding. [23] 

Since  there  are  three  identical  configurations,  the  symmetry  will  be  trigonal  on  the  average 
provided  that  the  activation  energy  for  reorientation  is  small.  A  few  hundredths  of  an  eV  are 
quoted  for  such  a  reorientation  in  Ref.  [24]. 

V2  diffuses  around  250  "C  with  an  activation  energy  of  1.3  eV.[24]  Geometry  optimizations 
show  that  an  interstitial  NG  (even  Kr)  is  easily  ‘swallowed’  by  V2  with  a  substantial  gain  in 
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energy  (no  activation  energy  is  involved).  The  energy  difference  between  an  NG  interstitial 
far  from  an  isolated  V2  and  the  NG  inside  V2  shows  that  NG  atoms  are  remarkably  stable 
in  V2.  Almost  80%  of  the  energy  needed  to  insert  a  free  NG  into  the  T  site  in  Si  is  recovered 
by  putting  it  into  V2. 


strong 

weak 

across 


FIGURE  2:  Schematic  representation  of  the  lowest-energy  configuration  of  the  neutral  di vacancy.  The 
dashed  circles  show  the  lattice  sites  of  the  missing  Si  atoms. 

The  NG  weakly  perturbs  the  reconstruction  of  V2  (Table  I).  The  covalent  character  of  the 
bonds  is  reduced,  but  there  is  no  configurational  change.  The  NG  pushes  its  six  NNs  away 
from  it  by  a  small  amount  and  remains  almost  on  center.  This  suggests  that  a  reorientation 
between  three  equivalent  configurations  around  the  same  trigonal  axis  can  still  occur. 


Divacancy 

He 

Ne 

displacement  (A) 

Ar 

Kr 

each  NN  (avg.)  ^ 

0.00 

0.05 

0.07 

0.23 

0.27 

NG  (off  center) 

- 

0.07  0.09  0.)1 

degree  of  bonding/overlap  population 

0.06 

strong  bond 

0.49/0.20 

0.48/0.18 

0.46/0.16 

0.41/0.09 

0.40/0.08 

weak  bond 

0.07/0.04 

0.07/0.04 

0.06/0.03 

0.07/0.01 

0.03/0.01 

across  bond 

0.18/0.02 

0.19/0.01 

0.20/0.01 

Mulliken  charge  (|e|) 

0.16/0.00 

0.14/0.00 

each  NN  (avg.) 

-0.11 

-0.12 

-0.13 

-0.14 

-0.16 

NG 

- 

+0.01 

+0.08 

+0.22 

+0.29 

TABLE  I:  Divacancy-NG  complexes.  First  row:  average  displacement  of  the  6  NNs  caused  by  the  NG. 
Second  row:  displacement  of  the  NG  off  the  center  of  V2.  Third  to  fifth  rows:  degree  of  bonding/overlap 
population  for  the  various  bonds  (Fig.  2).  Sixth  row:  average  Mulliken  charge  on  the  6  NNs.  Seventh  row: 
Mulliken  charge  on  the  NG. 

The  change  in  Mulliken  charges  shows  that  the  six  NNs  capture  increasing  amounts  of  electron 
density  from  the  NG.  The  charge  on  each  of  the  Si  NNs  varies  from  -0.11  to  -0.16  while 
that  on  the  NG  changes  from  +0.01  to  +0.29,  as  one  goes  from  He  to  Kr.  The  ionization 
enthalpies  decrease  from  He  to  Kr,  making  it  easier  for  the  reconstructed  bonds  to  grab 
charge  from  the  NG.  This  trend  should  continue  with  Xe.  An  extrapolation  of  the  He-Kr 
trends  shows  that  its  charge  should  be  around  0.5.  This  is  enough  for  Xe  to  form  a  covalent 
bond.  For  example,  the  charges  calculated  at  the  HF  level  for  KrF2  and  XeF2  are  0.4  and 
0.5,  respectively.  Table  I  shows  that,  Kr  in  {Kr,V2}  is  not  sufficiently  polarized  to  form  a 
covalent  bond,  but  Xe  should  be.  High-level  calculations  will  be  needed  to  confirm  this. 

V2  and  each  of  the  {NG,  V2}  complexes  have  six  levels  in  the  gap,  three  of  which  are  doubly 
occupied.  The  positions  of  these  levels  shift  with  the  NG.  While  the  calculated  eigenvalues  are 
qualitative  at  best,  the  trends  and  shifts  for  {NG,  V2}  relative  to  V2  are  more  meaningful.  We 
calculated  the  energy  differences  between  the  eigenvalues  then  the  shifts  of  these  differences 
relative  to  V2 .  All  the  shifts  are  toward  lower  energies.  Some  of  them  are  almost  independent 
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of  the  NG,  others  vary  monotonically  with  the  size  of  the  NG,  but  two  of  the  shifts  have  a 
trend  identical  to  that  of  the  zero-phonon  line  discussed  by  Davies  et 

Larger  vacancy  aggregates:  We  have  calculated [25]  the  formation  energies  and  stable 
configurations  of  vacancy  aggregates  up  to  the  V7.  Since  experiment[l,13,14]  shows  that  the 
NG-related  defects  contain  4  vacancies  or  less,  our  calculations  cover  all  the  possible  vacancy 
clusters.  In  the  lowest-energy  configuration,  only  V2  and  Ve  can  have  trigonal  symmetry.  As 
the  observed  PL  lines  correspond  to  a  trigonal  defect,  we  rule  out  V3,  V4,  and  V5. 

Ve  consist  of  a  missing  hexagonal  ring. [25]  It  reconstructs  very  efficiently,  has  no  deep  levels 
in  the  gap,  and  therefore  cannot  produce  sharp  PL  features.  However,  a  broad  PL  spectrum 
could  be  associated  with  it.  The  stability  of  Ve  could  explain  the  irreversible  disappearance  of 
the  NG-related  PL  lines  after  high-temperature  anneals.  The  large  gain  in  energy  resulting 
from  the  formation  of  {NG,V2}  complexes  makes  it  nearly  impossible  that  it  dissociates. 
Instead,  more  vacancies  could  cluster  around  it  until  the  {NG,  Ve}  centers  forms. 

IV.  Discussion. 

If  the  NG-related  PL  centers  involve  only  one  NG  and  vacancies,  our  calculations  imply  the 
following.  (1)  The  NG-related  PL  centers  are  due  to  the  formation  of  {NG,V2}  complexes. 
The  calculated  features  agree  at  least  qualitatively  with  the  observed  properties  of  the  centers. 
(2)  The  enhanced  diffusion  of  NG  impurities  could  be  caused  by  the  strong  NG-Vi  repulsion 
if  the  etching  results  in  a  flux  of  vacancies  diffusing  into  the  bulk.  (3)  The  PL  centers  are 
created  during  the  anneal  which  follows  the  implant,  as  mobile  V2’s  ‘swallow’  NG  interstitials. 
(4)  {NG,  Vn}  complexes  with  n=3,  4,  or  5  should  not  be  trigonal.  (5)  The  broad-band  PL 
which  follows  high-temperature  anneals  could  be  due  to  the  formation  of  {NG,  Ve)  complexes. 

Although  the  features  of  our  model  are  consistent  with  many  experimental  features,  there  exist 
discrepancies[26]  between  the  reported  properties  of  the  divacancy  and  the  model  presented 
here  for  the  NG-related  PL. 

The  divacancy  was  studied  in  great  detail  by  many  experimental  techniques  (EPR,  IR,  and 
DLTS).  The  symmetry  of  the  EPR-active  charge  states  V^  and  V^  is  C2h-  There  is  also 
evidence  for  the  same  symmetry  lowering  in  the  V®  state.  [27]  A  motional  averaging  between 
the  equivalent  Jahn- Teller  distorted  sites  around  a  specific  <  111  >  direction  is  detected  only 
at  higher  temperatures.  However,  the  splitting  of  the  W-line  and  the  NG-related  lines  (except 
Xe)  in  a  uniaxial  stress  field  exhibits  trigonal  symmetry.  Although  the  stress  data[ll,28]  are 
complicated  by  strong  interactions  of  excited  states  and  small  stress  splittings,  the  discrepancy 
between  the  divacancy  splitting  and  the  splitting  of  the  NG  lines  is  obvious.  The  only  way  to 
reconcile  the  differences  is  to  assume  a  higher  symmetry  of  the  optical  excited  state  compared 
to  the  ground  state,  which  should  have  the  symmetry  deduced  from  the  EPR  measurements. 

The  divacancy  is  generated  directly  at  room  temperature  irradiation  in  contrast  to  the  W 
line  and  the  NG-related  lines  which  require  annealing.  However,  we  note  that  there  is  an 
early  report  that  the  W-line  is  also  weakly  detectable  directly  after  room-temperature  irradi¬ 
ation).  [29]  Further,  the  divacancy  and  the  W-line  anneal  out  in  the  same  temperature  regime. 
Further  PL  and  DLTS  experiments  on  the  annealing  of  the  divacancy  and  W-line  in  the  same 
samples  are  needed. 
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Abstract.  We  present  the  results  of  a  series  of  experiments,  performed  in  our  laboratory,  on  the 
implantation  of  reactive  (H,  C,  N,  O)  and  unreactive  (He,  Ar)  ions  into  silicon.  In  particular  we 
investigated  the  formation  of  chemical  bonds  between  the  projectile  and  the  target  atoms 
searching  for  the  appearance  of  characteristic  IR  bands.  When  the  impinging  ions  are  reactive  (H, 
C,  N,  O)  they  form  bonds  with  the  Si  atoms  in  the  target  that  are  evidenced  by  IR  spectroscopy. 
The  astrophysical  relevance  of  the  results  is  also  discussed. 


Introduction 

Ion  implantation  of  reactive  species  into  amorphous  or  crystalline  matrices  has  been  used  to 
investigate  the  formation  of  stable  (silicon  oxide,  nitride,  carbide,..)  surface  thin  films  or  buried 
layers[l-3]  in  order  to  use  them  in  several  fields  such  as  microelectronics,  wear  and  optical  coatings. 
This  is  because  the  method  allows  to  vary  with  good  accuracy  and  reproducibility  the  concentration 
of  the  reactive  species  into  the  implanted  target[4,5].  In  the  case  of  incoming  reactive  ions  both 
chemical  and  radiation  damage  effects  are  produced.  For  this  reason  the  obtained  results  must  be 
compared  with  those  found  after  implantation  of  unreactive  noble  gas  ions.  Vibrational  spectroscopy 
has  to  be  considered  a  usefull  technique  in  investigating  these  systems  because  it  is  able  (using  either 
Raman  scattering  or  infrared  absorption)  to  give  information  on  the  state  and  bonding  configuration 
of  the  foreign  species  inside  the  solid  and  on  the  formation  and  evolution  of  disorder  due  to  radiation 
damage  effects[5,6].  For  instance,  the  detection  and  characterization  of  both  homonuclear  (Si-Si, 

C,...)  and  etheronuclear  (Si-C,  Si-N, . )  stretching  signals  in  a-Sij.xCx,  a-Sij.x  and  a-Sij.xOx 

samples  can  give  a  complete  view  of  the  bonding  arrangement  of  the  investigated  matrix  and  dlows 
to  separate  topological  and  compositional  disorders. 

Astrophysicists  are  interested  in  studying  implantation  of  reactive  ions  in  materials  as  well.  In  space 
there  are  in  fact  many  places,  including  interstellar  dust  and  planetary  objects,  where  energetic  (keV- 
MeV)  particles  impinge  on  solid  surfaees  made  of  refractory  (carbonaceus  and/or  silicates)  materials 
and/or  frozen  ices[7].  Implantation  experiments  are,  in  particular,  very  important  for  application  to 
objects  in  the  Solar  System  (planetary  surfaces,  comets,  asteroids,  etc.)  continuosly  irradiated  by 
some  ion  populations  (flare  and  solar  wind  ions,  magnetospheric  particles,  cosmic  rays,  etc.).  Most 
of  the  incoming  ions  (H,  C,  N,  O)  are  in  fact  reactive  and  could  produce,  in  the  irradiated  layers,  new 
species  that  include  the  projectile.  This  implies  the  possibility  to  detect,  on  planetary  surfaces, 
molecular  species  not  necessarily  native  of  that  object  but  formed  by  implantation  of  incoming 
reactive  ions. 

Here  we  present  results  of  a  series  of  experiments,  performed  in  our  laboratory,  on  the  implantation 
of  about  1  keV/amu  reactive  (H,  C,  N,  O)  and  unreactive  (He,  Ar)  ions  into  silicon  used  as  a 
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reference  material.  The  results  furnish  an  extimation  of  the  absorbances  of  the  newly  formed 
absorption  bands  that  could  he  used  for  astrophysical  applications. 


Experimental  apparatus 

We  used  "in  situ"  FTIR  spectroscopy  in  the  400-4400  cm'l  (25-2.27  microns)  range.  The 
experimental  apparatus  has  been  already  described  [7];  it  is  essentially  constituted  by  a  scattering 
chamber  faced  through  IR-transparent  windows,  to  an  FTIR  spectrophotometer.  Vacuum  is  better 
than  10'7  mbar.  The  targets  are  silicon  (111)  single  crystals  (600  microns  thick)  mounted  onto  a  cold 
finger  (10-300  K).  Ions  have  been  obtained  from  a  30  keV  ion  implanter. 


Figure  1.  IR  spectra  in  the  1800-2300  cm'l  (Si-H  stretching,  left  panel)  and  in  the  500-1100  cm'l 
(SiH  wagging,  right  panel)  obtained  after  irradiation,  at  different  fluences,  of  crystalline  silicon  with 
1.5  keV  H+  and  30  keV  H2+  ions  respectively. 
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Experimental  results 

1.5-30  keV  H"''  or  H2"*'  ion  beamss  have  been  implanted  into  silicon  crystals  at  fluences 
between  and  5  10 protons  cmA  In  Figure  1  some  IR  spectra  in  the  1800-2300  cm"  1  (Si- 
H  stretching)  and  in  the  500-1100  cm'l  (SiH  wagging)  are  presented.  We  have  measured  the 
variation  of  the  integrated  band  due  to  the  Si-H  stretch  as  a  function  of  the  ion  fluence  and 
temperature  (Figure  2).  It  is  clear  a  linear  relationship  between  the  area  of  the  band  and  ion  fluence. 
For  the  lowest  ion  energy  (3  keV  H2'^)  saturation  is  observed  at  fluences  greater  than  about  6 
10^6  protons  cm"^.  This  result  is  in  agreement  with  theoretical  calculations  we  performed  by  using 
TRIM  code  (the  TRansport  of  Ions  in  Matter)  explained  in  detail  in  [8].  Implants  have  been 
done  at  room  temperature,  the  target  has  then  been  cooled  down  to  10  K  and  spectra  taken  at 
different  temperatures.  The  results  indicate  an  increase  in  the  absorbance  of  the  stretching  band  as 
shown  in  Figure  2. 

Some  spectra  obtained  after  implantation  of  N  and  O  ions  are  shown  in  Figure  3  (left  and  central 
panel  respectively).  In  the  right  panel  we  show  the  spectra  obtained  after  implantation  of  H,  C,  N, 
O  and  Ar. 

The  new  bands  we  observe  after  irradiation  with  reactive  ions  are  due  to  the  formation  of 
chemical  species  (Si-H  bonds,  silicon  carbide  and  nitride).  Of  course  defects  have  been  produced 
in  the  crystalline  structure  of  silicon  as  well.  Anyway  IR  technique  is  not  able  in  quantify  this 
effect.  We  are  planing  to  use  "in  situ"  Raman  spectroscopy  to  study  the  details  of  the  ion 
induced  radiation  damage  and  crystal-amorphous  transition. 


16.8  ^7.6  0  100  200  300 

Log  fluence  (protons  cm’  )  Temperature  (K) 


Figure  2.  The  integrated  band  strength  due  to  the  Si-H  stretch  is  reported,  for  several  ion  energies, 
as  a  function  of  the  ion  fluence  (left  panel)  and  temperature  (right  panel). 
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Figure  3.  IR  spectra  obtained  after  irradiation  of  crystalline  silicon  with  14  keV  N+  (left  panel)  and 
0+  (central  panel).  In  the  right  panel  the  spectra  have  been  obtained  after  implantation  of: 

(a)  7.5  IQlo  H+  (30  keV)/cm2;  (b)  1.1  10l7  C+  (30  keV)/cm2; 

(c)  2.2  10l6  N+  (14  keV)/cm2;  (d)  1.7  lO^^  0+  (30  keV)/cm2; 

(e)  1.5  10l6  Ar+  (100  keV)/cm2;  (f)  1.5  10^6  Ar++  (60keV)/cm2- 


Discussion 

The  ion  population  in  the  interplanetary  medium  is  essentially  due  to  solar  wind  and  flare  ions. 
Solar  wind  ions  are  produced  by  plasma  expansion  whose  velocity,  at  a  distance  of  few  solar 
radii,  becomes  supersonic,  of  the  order  of  400  km/sec  (i.e.  ions  have  energies  of  about  1 
keV/amu).  At  1  Astronomical  Unit  (lAU  =  1.495  lO^l  m)  the  wind  has  a  density  of  the  order  of  5 
protons  cm"2,  corresponding  to  a  flux  of  about  2  10^  protons  cm’2  sec‘l.  The  flux  varies  as  the 
inverse  of  the  square  of  the  distance  from  the  Sun.  Thus,  for  example,  at  a  distance  of  the  order  of 
3  AU  the  number  of  protons  impinging  on  an  hypothetical  asteroidal  surface  is  of  the  order  of 
10l2  cm"2  in  only  100  yrs.  Such  a  high  flux  is  expected  to  produce  a  number  of  effects  such 
as  sputtering  [9]  and  ion  implantation.  It  has  been  suggested  that  a  clear  test  of  proton 
implantation  could  be  the  observability  of  the  Si-H  stretching  band  on  the  surfaces  of  atmosphearless 
planetary  objects  [10,  1 1].  Although  such  a  possibility  has  been  questioned  by  our  group  [12]  on  the 
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basis  of  some  results  obtained  by  ion  implantation  in  amorphous  silicates,  the  possibility  exists  to 
detect  some  IR  features  due  to  implantation  of  reactive  ions  on  both  amorphous  and 
crystalline  silicates  (these  latter  recently  detected  by  ISO,  Infrared  Space  Observatory,  satellite  in 
cometary  dust).  The  results  we  have  presented  here  would  permit  to  quantitatively  measure  the 
number  of  implanted  ions  and  then  the  time  to  which  those  objects  have  been  exposed  to  cosmic 
radiation. 
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Abstract.  A  brief  report  is  made  on  the  carbon  and  oxygen  isotope  structures  of  the  local 
vibrational  modes  of  the  C-line  and  G-line  luminescence  systems  created  by  radiation  damage  of 
Czochralski  silicon  with  a  high  carbon  concentration,  together  with  a  first  time  investigation  of  the 
local  mode  structures  of  the  F-line  and  H-line  luminescence  systems  created  by  subsequent  annealing 
at  350  and  450°C.  A  preliminary  analysis  shows  that  there  is  no  carbon-carbon  or  carbon-oxygen 
bonding  in  any  of  these  centres,  and  only  very  minor  dynamic  interaction  between  the  different 
carbon  and  oxygen  atoms  exists.  The  presence  of  similar  and,  in  some  cases,  almost  identical  local 
modes  for  the  different  centres  suggests  that  parts  of  defect  structures  responsible  for  G-  and  C-line, 
F-  and  H-line  and  some  other  luminescence  systems  have  similar  atomic  configurations.  It  is 
suggested  that  the  F-line  centre  is  created  by  the  capture  of  a  mobile  version  of  the  G-line  centre  by 
the  C-line  centre,  and  that  the  subsequent  capturing  of  extra  oxygen  atom  gives  rise  to  the  H-line 
centre. 


Introduction 

Photoluminescence  (PL)  spectra  of  deep  level  centres  in  silicon  generally  have  a  sharp  zero-phonon 
line,  together  with  a  broad  side  band  of  phonon-assisted  transitions  at  lower  energies  associated  with 
perturbed  lattice  modes.  When  the  defect  contains  light  impurities  such  as  hydrogen,  carbon  and 
oxygen,  its  spectrum  can  also  have  relatively  sharp  structures  at  lower  energies  due  to  phonon- 
assisted  transitions  involving  local  vibrational  modes  with  energies  greater  than  the  highest  energy 
lattice  mode.  The  local  mode  satellites  are  commonly  between  10  and  100  times  weaker  than  the 
zero-phonon  line,  and  often  lie  outside  the  spectral  range  of  the  high  sensitivity  Ge  detector  generally 
employed  for  PL  measurements  on  silicon,  which  explains  the  difficulties  of  their  investigation  for 
many  luminescence  system.  However,  they  contain  important  information  concerning  the  atomic 
composition  of  the  defect  and  can  enable  the  structure  to  be  identified.  One  of  the  examples  for  this 
is  the  di-carbon  hydrogen  centre  responsible  for  the  T-line,  whose  microscopic  structure  has  been 
identified  recently  as  a  result  of  ab-initio  cluster  calculations  of  local  vibrational  modes  combined 
with  uniaxial  stress  and  magnetic  field  perturbation  measurements  on  the  zero-phonon  luminescence 
line  [1]. 

Spectroscopic  identification  of  defect  vibronic  properties  has  been  long  established  as  one  of  the 
most  effective  methods  for  characterising  impurity  centres.  The  main  technique  extensively  used  for 
this  purpose  is  mid-infrared  absorption  spectroscopy,  which  has  proved  to  be  particularly  effective 
for  the  investigation  of  electrically  inactive  centres.  Unfortunately,  many  oxygen  and  carbon  related 
local  modes  lie  within  the  two-phonon  lattice  absorption  bands  which  makes  them  difficult  to 
observe  in  absorption  spectra  other  than  at  quite  high  concentrations.  Therefore,  in  some  cases  PL 
spectroscopy  is  a  more  appropriate  method  for  their  investigation.  In  addition,  it  provides  several 
advantages  associated  with  PL  technique,  including  a  more  effective  way  for  identifying  the  different 
modes  belonging  to  the  same  centre  and  for  establishing  the  symmetry  of  the  defect  from  uniaxial 
stress  and  magnetic  field  perturbation  measurements  on  the  zero-phonon  line. 

In  this  paper  a  brief  report  is  made  of  some  recent  investigations  of  the  local  vibrational  modes 
associated  with  several  major  luminescence  centres  created  in  Czochralski  (CZ)  silicon  by  radiation 
damage  and  by  subsequent  thermal  treatment.  Two  of  these  systems,  C-line  (0.7896  eV)  and  G-line 
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(0.9694  eV),  created  in  as-irradiated  silicon,  have  been  heavily  investigated  previously  [2]  and  are 
well  established  now  to  be  associated  with  centres  containing  one  carbon  and  one  oxygen  atom,  and 
two  carbon  atoms,  respectively.  The  local  mode  features  of  two  other  systems,  F-line  (0.9499  eV) 
and  H-line  (0.9256  eV),  created  by  subsequent  thermal  treatment,  which  have  not  been  investigated 
previously  in  any  detail,  will  also  be  reported.  No  structural  analysis  has  been  carried  out  at  this 
stage.  However,  these  preliminary  results  clearly  show  that,  during  the  thermal  treatment  of 
irradiated  CZ  material  in  the  temperature  range  200-450°C,  the  annealing  of  the  original  di-carbon 
and  carbon-oxygen  centres  results  in  formation  of  more  stable  carbon-oxygen  complexes  containing 
more  than  three  impurity  atoms. 

Experimental 

The  material  used  in  these  investigations  was  CZ  silicon  with  [O]  ~  1  x  10^*  cm'^  and  [C]  between  1 
and  2  x  10^^  cm'^,  with  either  normal  isotope  ratios  or  with  ~  5  :  1  or  ~  1  ;  1.  The  material 

with  ~  2  :  1  or  ~  1  ;  1  was  created  by  heating  float  zone  (FZ)  silicon,  with  [C]  between  1 

and  2  x  10^^  cm'^,  in  water  vapour  with  95%  at  1300°C  for  either  2  or  4  days.  Deliberate 
hydrogen  incorporation  at  ~  1.5  x  10^^  cm"^  was  carried  out  by  heating  in  flowing  hydrogen  gas  at 
1300°C  for  30  minutes,  followed  by  rapid  cooling  either  by  dropping  the  sample  in  silicone  oil  or  the 
quartz  tube  was  withdrawn  from  the  flirnace  and  thrust  in  water  in  ~  2  seconds  with  the  hydrogen 
gas  flowing.  The  samples  were  then  irradiated  with  either  2  or  4  x  10*^  cm"^  2  MeV  electrons.  The 
subsequent  thermal  treatments  were  carried  out  in  air. 

All  the  spectra  reported  here  were  obtained  using  a  Nicolet  60SX  Fourier  transform  spectrometer 
modified  for  PL  measurements.  A  North  Coast  cooled  Ge  diode  detector  was  used  for  measurements 
at  energies  >  0.7  eV,  and  a  Cincinnati  Electronics  cooled  InSb  diode  detector,  fitted  with  a  2800  nm 
short  wavelength  pass  cold  filter,  for  measurements  below  0.7  eV.  All  the  spectra  were  recorded 
with  the  samples  immersed  in  liquid  helium  at  4.2  K,  excited  by  a  514  nm  Ar'*’  laser  with  power 
typically  400  mW.  Recording  times  varied  from  ~  15  minutes  for  a  standard  zero-phonon  line 
spectrum  to  ~  8  hours  for  recording  local  modes  at  energies  <  0.7  eV.  The  resolutions  employed 
were  either  0.5,  1.0  or  2.0  cm‘^ 

Results  and  discussion 

Figure  1  shows  some  PL  spectra  extracted  from  a  detailed  isochronal  annealing  study  of  electron 
irradiated  high  carbon  containing  CZ  silicon,  with  (a-c)  and  without  (d-f)  deliberate  hydrogen 
incorporation.  With  no  thermal  treatment  (a,d),  the  only  centres  created  in  the  both  types  of  the 
material  are  those  responsible  for  the  C-line  and  G-line  luminescence  systems.  Radiation  damage 
creates  silicon  interstitials  which  remove  carbon  atoms  from  their  substitutional  sites,  and  then 
mobile  carbon  can  create  carbon-oxygen  and  carbon-carbon  centres  which  are  responsible, 
respectively,  for  the  C-line  and  G-line  luminescence  systems.  Models  have  been  proposed  for  both  of 
these  centres  [3-5],  based  to  some  extent  on  local  vibrational  mode  data.  Clearly,  the  presence  of 
hydrogen  has  little  effect  on  the  spectra  from  as-irradiated  silicon,  but  plays  an  important  role  in  the 
formation  of  luminescence  centres  during  subsequent  thermal  treatments  at  T  >  300°C.  The  G-line 
centre  is  destroyed  in  less  than  30  minutes  at  250°C  and  the  F-line  and  P-line  (0.7671  eV)  begin  to 
appear  along  with  some  other  weaker  systems  which  have  not  been  labelled  or  investigated,  but  the 
C-line  is  not  destroyed  at  this  temperature.  With  a  30  minute  anneal  at  350°C  (b,e),  the  C-,  F-  and  P- 
lines  are  the  major  systems  present,  together  with  the  M-line  (0.7608  eV)  and  another  not  labelled 
system  in  hydrogenated  material.  Both  the  C-line  and  the  F-line  are  rapidly  destroyed  at  temperatures 
>  400°C,  and  with  a  30  minute  anneal  at  450°C  (c,f)  the  H-line  and  P-line  systems  are  dominant  in 
material  without  deliberate  hydrogen  incorporation,  and  the  T-line  and  I-line  (0.9650  eV)  systems 
are  dominant  in  hydrogenated  material.  As  stated  earlier,  the  T-line  has  recently  been  investigated  in 
detail  [1],  and  recent  investigations  of  the  M-line  [6]  and  the  I-line  [7]  systems  are  reported  at  this 
conference.  In  this  paper  we  will  concentrate  on  the  creation  and  the  properties  of  the  F-line  and  H- 
line  centres  and  compare  their  characteristics  with  those  of  the  G-line  and  C-line  centres. 
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Fig.l.  Photoluminescence  spectra  obtained  from  CZ  silicon  with  [C]  ~  1x10^"^  cm'^,  either 
(a-c)  with  deliberate  hydrogen  incorporation  of  ~  1.5  x  10*®  cm'^,  or  (d-f)  no  deliberate 
hydrogen  incorporation,  irradiated  with  2x  10*“^  cm'^  2MeV  electrons,  (a,d)  with  no  further 
treatment,  or  subsequently  annealed  for  30  min.  at  either  (b,e)  350°C  or  (c,f)  450®C. 

Figure  2  shows  the  major  features  in  the  local  mode  structure  of  the  C-line  luminescence  system 
obtained  from  material  with  either  **0  :  *®0  ~  2  :  1  (a,b)  or  ~  5  :  1  (c,d).  This  structure 

was  investigated  several  times  in  the  1980's  [8-10],  and  the  labelling  employed  is  that  used  in  the  last 
report  [10]  in  which  14  local  mode  features  were  identified.  However,  careful  examination  shows 
that  the  many  of  them  correspond  to  different  combinations  of  four  basic  local  modes.  Both  of  the 
major  features  and  Lj  show  a  small  oxygen  isotope  splitting,  which  can  be  seen  more  clearly  at 
higher  resolution,  but  no  carbon  isotope  splitting  [8].  Silicon  isotope  structure  can  also  be  observed 
in  these  features  [8]  which  are  clearly  associated  with  the  vibration  of  a  silicon  atom  close  to  the 
oxygen  atom  but  remote  from  the  carbon  atom  in  the  centre.  The  broader  feature  at  lower  energy 
labelled  with  an  asterisk  has  a  large  oxygen  isotope  splitting.  The  local  mode  frequency  is  741.4  cm"* 
(91.92  meV)  for  *®0  and  709.1  cm"*  (87,92  meV)  for  **0,  and  the  ratio  of  1.046  is  fairly  close  to 
(18/16)**  ®  =1.061  expected  for  a  pure  oxygen  vibrational  mode.  In  the  lower  energy  region,  the 
feature  labelled  L4  coincides  almost  exactly  with  2L2  and  has  similar  oxygen  isotope  structure  as  L2. 
The  feature  L5  is  very  close  to  the  sum  of  L2  and  the  feature  labelled  with  an  asterisk,  and  shows  the 
same  oxygen  isotope  structure  as  the  latter.  L3  coincides  almost  exactly  with  Lj  +  L2,  but  the  shape 
and  size  shown  in  Fig.  2a  would  appear  to  be  inconsistent  with  this  interpretation.  However,  in 
material  with  *®C  :  *^C  ~  5  :  1  (Fig.  2c),  a  new  feature  appears  at  higher  energy  which  we  have 
labelled  *®C,  and  the  L3  feature  is  closer  to  what  would  be  expected  for  the  sum  of  Lj  +  Lj.  It  is 
clear  from  these  data  that  there  is  a  carbon  vibrational  mode  which  for  *^C  we  have  labelled  *%  and 
which  coincides  with  L3  =  Lj  +  L2  for  *®0.  The  local  mode  frequencies  are  1116  cm"*  (138.4  meV) 
for  *^C  and  1079  cm"*  (133.8  meV)  for  *®C,  and  the  ratio  1.034  is  fairly  close  to  (13/12)**  ®  =1.041 
expected  for  a  pure  carbon  vibrational  mode.  This  has  removed  some  of  the  confusion  in  the  earlier 
work  [10]  and  is  consistent  with  the  results  of  mid-infrared  absorption  measurements.  We  have  to 
note  the  presence  of  the  oxygen  mode  (741.4  cm-1),  which  is  of  particular  interest  since  two  other 
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Fig.  2.  Photoluminescence  spectra  showing  the  local  mode  structure  of  the  C-line, 
obtained  from  material  with  (a,b)  ~  2:1  and  (c,d)  ~  5:1. 


systems  with  zero-phonon  lines  at  0.9198  eV  and  0.9499  eV  (F),  to  be  discussed  below,  have 
similar  modes  suggesting  that  all  three  centres  contain  an  oxygen  atom  in  the  same  configuration. 

We  will  now  turn  briefly  to  the  G-line  luminescence  system.  There  is  a  very  strong  local  mode 
feature  labelled  S  [11]  with  a  frequency  of  579.5  cm'*  (71.85meV)  for  *^0  and  564.4  cm'*  (69.97 
meV)  for  *^C.  A  very  much  weaker  system  was  also  identified  at  higher  energy  [11],  labelled  W, 
with  a  frequency  of  543.1  cm'*  (67.34  meV)  for  *^C  and  532.2  cm'*  (65.98  meV)  for  *^C.  We  have 
recently  noticed  that  the  weak  feature  at  lower  energy  labelled  S  +  A  [11],  with  A  being  the  sharp 
peak  on  the  lattice  acoustic  mode,  has  a  frequency  of  73 1 . 1  cm'*  (90.64  meV)  for  *^C  and  709.4  cm' 
*  for  *^C,  the  isotope  shift  of  21.7  cm'*  being  different  from  15.1  cm'*  for  the  S  feature.  This  is 
clearly  a  third  carbon  vibrational  mode  of  the  G-line  centre  which,  similar  to  the  two  other  modes, 
has  a  *^C  /  *^C  frequency  ratio  close  to  that  expected  for  an  isolated  carbon-silicon  pair  vibration. 
The  presence  of  three  carbon  vibrational  modes,  showing  only  very  small  coupling  between  the 
carbon  atoms,  does  not  appear  to  be  consistent  with  the  proposed  model  for  the  G-line  centre  [5]. 
However  this  problem  requires  a  special  consideration  and  will  be  discussed  in  more  detail 
elsewhere. 

The  zero-phonon  line  at  0.9499  eV,  created  by  annealing  radiation  damaged  CZ  silicon  at 
temperatures  in  the  range  250  to  400°C,  was  reported  in  1977  [12]  but  was  called  the  G-line  rather 
than  the  F-line.  Because  the  zero-phonon  line  at  0.9694  eV  had  also  been  labelled  as  the  G-line  and 
was  heavily  investigated,  the  line  at  0.9499  eV  was  relabelled  as  the  F-line  in  reference  13.  In  spite  of 
the  fact  that  this  is  the  major  new  system  created  by  annealing  radiation  damaged  CZ  silicon  at 
temperatures  <  400°C,  rather  than  at  450°C  so  commonly  used,  no  investigations  appear  to  have 
been  made  or  reported.  Actually,  another  system  with  zero-phonon  line  at  0.9198  eV  is  always 
created  along  with  the  F-line  and  can  be  seen  in  Fig.  lb  and  le.  Some  other  systems  appear  and 
disappear  in  the  temperature  range  200-3 00®C  in  which  the  G-line  is  slowly  or  quickly  destroyed  and 
the  F-line  begins  to  be  created.  We  will  concentrate  here  on  the  F-line. 

The  major  local  mode  features  in  the  F-line  luminescence  system  are  shown  in  Fig.  3  for  material 
with  (a)  no  isotope  substitution,  (b)  *^C  :  *^C  ~  1  :  1  and  (c)  **0  :  *^0  ~  1  :  1.  Those  clearly 
identified  are  labelled  to  Lg.  In  the  range  of  materials  investigated  so  far,  the  first  relatively  sharp 
feature  below  L,^  always  appears  to  have  the  same  ratio  to  Lj^,  but  the  second  one  varies  fi'om  sample 
to  sample.  Some  of  the  structure  below  the  Lg  is  associated  with  the  zero-phonon  line  at  0.9198  eV 
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Fig.  3.  Photoluminescence  spectra  showing  the  local  mode  structure  of  the  F-line, obtained 
from  material  with  (a)  no  isotope  substitution,  (b)  ~  1;1  and  (c)  :  ^^0  ~  1:1. 

which  is  always  created  with  the  F-line.  with  frequency  532.6  cm'^  (66.03  meV)  has  no  carbon 
isotope  splitting  but  is  broadened  in  ^*0  doped  material.  The  features  L2,  L3,  and  Lj  with 
frequencies  of  572.9  cm‘^  (71.03  meV),  600.5  cm‘^  (74.45  meV),  630.4  cm"^  (78.16  meV)  and 
691.5  cm'^  (85.74  meV),  respectively,  correspond  to  carbon  vibrations.  All  of  them  have  quite  large 
carbon  isotope  splittings  with  frequency  ratios  of  1.013,  1.018,  1.031  and  1.030, 

respectively.  Similar  to  the  modes  of  the  G-line  centre,  they  give  no  indication  of  any  carbon-carbon 
bonding.  Note,  also,  that  the  frequencies  of  these  modes  all  lie  in  the  same  region  as  those  observed 
for  the  G-line.  The  broad  feature  Lg  has  and  frequencies  of  735  cm’^  (91.1  meV)  and  704 
cm'^  (87.3  meV)  and  is  clearly  associated  with  an  oxygen  vibration.  As  we  noted  above,  the  energy 
and  isotope  shift  of  this  mode  are  very  close  to  those  observed  for  the  C-line  oxygen  mode.  The 
characteristics  of  the  L2-Lg  modes  suggest  that  the  F-line  centre  could  be  a  combination  of  the  C-line 
and  G-line  centres,  i.e..  it  contains  one  oxygen  and  at  least  three  carbon  atoms  with  no  direct 
coupling  between  them.  This  also  possibly  suggests  that  the  centre  responsible  for  the  G-line  does 
not  break  up  but  changes  its  configuration  and  becomes  mobile  and  can  be  captured  by  a  C-line 
centre.  Otherwise  it  is  difficult  to  imagine  why  it  could  not  be  created  during  the  irradiation  without 
subsequent  thermal  treatment,  though  this  could  be  due  to  a  formation  barrier.  As  a  final  point  with 
reference  to  Fig.3,  it  is  interesting  to  note  that  the  relative  intensities  of  the  ^^C  and  ^^C  components 
is  different  for  the  different  modes,  particularly  for  the  lowest  energy  mode  L2.  This  is  also  the  case 
for  the  G-line  system  and  the  H-line  system  which  will  be  considered  next. 


Fig.  4.  Photoluminescence  spectra  showing  the  local  mode  structure  of  the  H-line,  obtained 
from  material  with  (a)  no  isotope  substitution,  (b)  ^^C  :  ^^C  ~  1:1  and  (c)  :  ^^0  ~  1:1. 
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The  H-line  luminescence  system  is  dominant  in  radiation  damaged  high  carbon  containing  CZ  silicon, 
with  no  deliberate  hydrogen  incorporation,  annealed  at  450°C.  The  P-line  tends  to  be  more  dominant 
at  lower  carbon  concentrations,  and  the  T-line  and  I-line  when  hydrogen  has  been  incorporated 
(Fig.l).  The  major  features  in  the  local  mode  structure  of  the  H-line  are  shown  in  Fig.  4,  obtained 
from  material  with  (a)  no  isotope  substitution,  (b)  ~  1  :  1  and  (c)  ~  1  :  1.  There 

is  negligible  interference  from  features  related  to  other  centres  in  these  spectra.  Lj  with  a  frequency 
of  531.4  cm'l  (65.89  meV)  shows  no  isotope  shift  or  splitting.  This  is  also  the  case  for  the  two 
smaller  features  close  to  Lj  which  have  been  found  with  the  same  ratios  to  in  all  the  material 
investigated.  These  are  probably  also  local  modes  of  the  H-line.  L,  with  a  frequency  of  567.6 
cm‘l  (70.37  meV)  has  a  small  carbon  isotope  splitting  of  ~  3.5  cm'f  and  a  negligible  oxygen  isotope 
shift.  L3,  L4,  Lg  and  Lg  with  frequencies  of  602.8  cm'^  (74.74  meV),  635.3  cm"^  (78.77  meV), 
702.8  cm'l  (87.14  meV)  and  858.7  cm'l  (106.46  meV),  respectively,  all  have  large  carbon  isotope 
splittings  with  frequency  ratios  of  1.024,  1.032,  1.030  and  1.028,  respectively.  A 

comparison  of  the  spectra  in  Fig.3  and  Fig.4  shows  a  striking  resemblance  between  the  structures  of 
carbon  related  modes  of  the  H-line  centre  (L2,  L3,  L4,  Lg)  and  those  of  the  F-line  centre  (L2-L5).  On 
the  other  hand,  the  F-  and  H-line  systems  have  different  structures  of  the  oxygen  modes.  The  latter 
has  clearly  two  oxygen  modes.  has  an  frequency  of  665.5  cm"^  (82.51  meV)  and  an 
frequency  of  656.5  cm'^  (81.40  meV).  L7  has  an  frequency  of  808  cm'^  (100.2  meV)  and  an 
1^0  frequency  of  770  cm'^  (86.8  meV).  Neither  of  them  are  close  to  those  observed  for  the  F-line 
and  C-line  luminescence  systems.  Taking  into  account  that  the  formation  of  H-line  centre  takes  place 
at  T>  400°C  when  oxygen  interstitials  becomes  mobile,  it  is  possible  that  the  H-line  centre  is  created 
due  to  the  capturing  of  an  extra  oxygen  atom  by  the  F-line  centre.  This  could  account  for  the 
difference  between  the  vibronic  spectra  of  the  two  systems. 

The  interactions  between  the  major  contaminants  in  silicon,  oxygen,  carbon  and  hydrogen,  during 
thermal  treatment  or  after  radiation  damage,  which  mimics  several  device  fabrication  processes,  and 
subsequent  thermal  treatment,  are  still  not  clear.  We  consider  that  more  detailed  photoluminescence 
isochronal  and  isothermal  annealing  studies,  combined  with  theoretical  analysis  of  local  vibrational 
modes,  could  lead  to  a  better  understanding  of  these  process. 
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Abstract.  Raman  spectroscopy  measurements  were  carried  out  on  silicon  single  crystals  which  were 
irradiated  with  a  fast-neutron  dose  of  1.7  and  3.2x10^'  n/cm^  (E  >  0.1  MeV).  This  irradiation  gives 
rise  to  large  regions  of  structural  damage  in  the  material.  We  report  on  the  appearance  of  a  Raman 
band  at  483  cm  \  indicating  the  introduction  of  an  amorphous  fraction  due  to  the  fast-neutron 
irradiation.  At  lower  Raman  frequencies  we  also  observed  a  feature  reminiscent  of  the  so-called 
boson  peak,  which  is  a  typical  characteristic  for  amorphous  solids. 

Introduction. 

Neutron  transmutation  doping  (NTD)  of  silicon  is  one  of  the  well-known  methods  to  produce  high- 
quality  n-type  silicon.  This  technique  is  based  on  the  capture  of  a  thermal  neutron  (E  <  0.5  eV)  by  a 
Si^°  isotope.  This  leads  to  the  production  of  phosphorus  according  to  the  following  reaction  : 

^°Si  ( n ,  y )  ^‘Si  +  p' .  The  two  advantages  which  make  NTD  silicon  a  frequently  used  product 
in  the  semiconductor  industry  are  that  the  doping  of  the  material  is  very  homogeneous  and  that  the 
target  resistivity  of  the  material  can  be  controlled  via  the  irradiation  dose.  Unfortunately,  not  only 
phosphorus  elements  are  formed  during  the  irradiation,  but  also  a  lot  of  irradiation  damage  is 
introduced  in  the  material.  This  damage  drastically  increases  the  target  resistivity  and  for  industrial 
uses,  it  is  removed  by  aimealing  the  crystal  up  to  temperatures  of  800  °C. 

Based  upon  energy  deposition,  it  is  clear  that  contribution  to  the  displacement  damage  is  primarily 
made  by  fast  neutrons  (E  >  0. 1  MeV),  which  always  accompany  the  thermal  ones,  and  less  by  the 
gamma  and  beta  recoil  mechanisms  resulting  from  the  doping  reaction.  The  high-energy  collisions 
lead  to  a  cascade  process,  resulting  in  large  regions  of  displaced  atoms,  which  may  be  amorphous.  In 
general,  these  regions  are  considered  to  be  spherical,  with  a  radius  of  the  order  of  100  i  [1,  2],  where 
a  center  of  vacancies  is  embedded  in  a  region  of  interstitials.  Since  they  are  uncharged,  the  damaging 
neutrons  are  rmaffected  by  the  electrical  field  around  the  atomic  nuclei  and  hence  they  can  travel 
large  distances  through  the  silicon.  Therefore,  the  resulting  structural  damage  is  not  restricted  to  the 
surface  but  distributed  uniformly  throughout  the  whole  crystal.  This  was  also  confirmed  by 
measurements  performed  by  Chandrasekhar  et.  al.  [3].  The  density  of  the  cascades  depends  on  the 
irradiation  dose.  According  to  Schroder  et.  al.  [4],  a  detectable  amount  of  amorphous  regions  is 
already  introduced  from  a  fast-neutron  dose  of  4  x  10^®  n/cm^. 

We  are  interested  in  the  study  of  the  disorder  induced  in  silicon  by  means  of  the  fast  neutrons. 
Herefore  we  use  single-crystalline  silicon  which  is  irradiated  with  various  high  fast-neutron  doses  (of 
the  order  of  10^'  n/cm^).  The  underlying  idea  of  this  approach  is  that  we  can  vary  the  amount  of 
disorder  by  changing  the  fast-neutron  irradiation  dose.  But  since  the  amount  of  damage  that  is 
introduced  not  only  depends  on  the  irradiation  dose  but  also  on  several  irradiation  conditions  such  as 
the  temperature  of  the  silicon  during  the  irradiation,  a  quantification  of  this  irradiation  damage  is  not 
straightforward.  A  lot  of  techniques  are  available  for  this  pmpose.  One  of  the  techniques  that 
monitors  the  introduction  of  disorder  is  Raman  scattering.  Because  it  can  simultaniously  detect  a 
remaining  crystalline  structure,  Raman  spectroscopy  gives  a  direct  verification  of  the  fact  that  a 
disordered  lattice  is  amorphous. 
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Here  we  will  present  the  results  obtained  from  Raman  spectroscopy  experiments  on  single- crystalline 
silicon  which  was  partly  amorphized  by  means  of  fast-neutron  irradiation.  The  intensity  of  the  peak 
observed  around  480  cm’'  be  discussed  in  view  of  the  ealculations  of  the  percentage  of 
amorphous  areas  present  in  the  samples.  We  also  report  on  a  feature  which  arises  at  very  low  Raman 
frequencies.  We  will  give  evidence  for  the  idea  that  this  peak  can  be  considered  as  a  Boson  peak, 
which  is  a  typical  feature  in  amorphous  solids. 

Experimental  detaUs. 

Measurements  were  carried  out  on  a  single-crystalline  CZ  sihcon  sample,  further  labelled  as  Si-0, 
and  on  two  similar  samples  after  an  irradiation  with  fast  neutrons.  The  samples  are  cylindrically 
shaped  and  their  symmetry  axis  lies  along  the  crystallographic  [100]  direction.  The  irradiations  were 
carried  out  at  the  BR2  reactor  of  the  Belgian  Nuclear  Research  Center  (SCK»CEN).  The  effective 
irradiation  time  to  obtain  fast-neutron  doses  (E  >  0.1  MeV)  of  1.7  x  10^'  n/cw?  (sample  labelled  Si- 
2)  and  3.2  x  10^'  nVcm^  (sample  Si-4)  is  resp.  42  and  78  days.  The  samples  were  positioned  inside  a 
fuel  element  of  the  core  of  the  reactor.  They  were  loaded  into  an  aluminum  irradiation  capsule  filled 
with  hehum  gas  to  reduce  the  temperature  increase  due  to  the  y-heating  under  irradiation.  A  good 
thermal  contact  between  the  irradiation  capsule  and  the  primary  cooling  water  was  also  provided. 
Nevertheless,  the  calculated  maximum  temperature  in  the  eenter  of  the  sihcon  during  the  irradiation 
was  150  °C. 

The  Raman  spectra  were  obtained  at  295  K  using  a  DILOR  XY  triple  spectrometer  equipped  with  a 
LN  eooled  CCD  detector.  The  excitation  was  provided  by  the  514.5  nm  line  of  an  Ar*  laser.  The 

polarisation  and  the  propagation  of  the  incident  and  scattered  fight  were  performed  in  an  x  (^,y)  x 

geometry,  with  x,  y  and  z  indicating  the  principal  axis  of  the  crystals.  The  propagation  of  the 
excitation  and  the  backscattered  fight  are  along  the  [100]  direction.  The  Raman  spectra  are  the  sum 
of  a  polarized  (incident  and  scattered  light  parallel  to  the  [010]  direction)  and  a  depolarized  (incident 
fight  parallel  to  the  [001]  direction  and  the  scattered  light  along  the  [010]  direction)  Raman 
spectrum 

Results  and  discussion. 

Amorphization  due  to  neutron  irradiation. 

The  Raman  spectra  for  the  unirradiated  (Si-0)  and  the  irradiated  samples  (Si-2  and  Si-4)  are  shown 
in  Fig.  1.  All  spectra  are  backgroimd  subtracted  and  normalized  on  the  intensity  of  the  crystalline 
silicon  phonon  mode  at  520  cm  '. 


400  420  440  460  480  500  520  540 

Raman  shift  (cm’') 


Fig.  1 :  Raman  spectra  for  the  crystalline  Si-0  and  the  neutron-irradiated  Si-2  and  Si-4 
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The  influence  of  the  irradiation  is  clearly  visible  in  the  Raman  spectra  of  Si-2  and  Si-4  :  besides  the 
intensity  decrease  of  the  crystalline  mode,  the  appearance  of  a  broad  band  with  a  maximum  at  483 
cm  '  announces  the  presence  of  amorphous  regions  in  the  irradiated  samples.  The  intensity  of  this 
mode  is  slightly  higher  in  Si-4  than  in  Si-2.  This  indicates  that  due  to  higher  irradiation  doses,  the 
amorphous  part  in  the  sample  increases.  An  estimation  of  the  ratio  between  the  amorphous  and  the 
crystalline  parts  of  the  samples  can  be  obtained  fi'om  the  ratio  of  the  areas  under  the  crystalline  and 
the  amorphous  Raman  band,  taking  into  account  the  fact  that  the  scattering  efliciency  of  amorphous 
silicon  is  ten  times  larger  than  that  of  crystalline  silicon  [5].  From  the  ratio  between  the  integrated 
intensities  of  the  amorphous  and  crystalline  Raman  modes,  we  calculated  the  values  for  the 
amorphous  portion  in  Si-2  and  Si-4  to  be  resp.  3.7  %  and  4. 1  %.  These  values  are  of  the  same  order 
as  those  reported  by  Schroder  et.  al.  [4].  However,  one  has  to  take  into  account  that  the  obtained 
values  are  an  underestimation  due  to  difierent  absorption  coefficients  of  ciystalline  and  amorphous 
silicon.  Brodsky  et.  al.  [5]  reported  that  the  ratio  of  the  absorption  coefficients  of  pure  crystalline 
and  pure  amorphous  silicon  is  about  30.  In  neutron-irradiated  silicon  however,  the  penetration  of  the 
laserlight  will  be  blocked  on  his  way  through  the  sample  due  to  the  homogeneous  distributed 
amorphous  regions. 

It  is  also  striking  that  although  the  irradiation  dose  is  roughly  doubled,  the  amorphous  portion  in  the 
Si-4  sample  is  only  slightly  increased.  This  is  probably  the  result  of  the  high  temperature  of  the 
silicon  during  the  irradiation. 

Boson  peak. 

Figure  2.  a  shows  the  Raman  scattering  in  the  low-fi-equency  region,  measured  for  Si-4  at  295  K.  It 
shows  a  peak  at  114  cm  '.  In  this  fi'equency  range  the  unirradiated  sUicon  single  crystal  does  not 
show  any  scattering  intensity.  It  is  well  known  that  in  the  low-fi'equency  Raman  spectrum  of 
amorphous  solids  a  broad  band  universal  characteristic  exists.  It  is  the  so  called  boson  peak  for 
which  a  generally  accepted  theory  still  does  not  exist.  Martin  en  Brenig  [6]  put  forward  a  model  to 
explain  this  peak  in  glasses  and  more  recently  an  explanation  has  been  given  in  the  framework  of  the 
soft  potential  model  (SPM)  [7,  8].  The  presence  of  a  boson  peak  in  amorphous  hydrogenated  silicon 
has  been  put  forward  eaUer  by  Ivanda  et.  al.  [9]  but  Zwick  and  Carles  [10]  seem  to  disagree  about 
the  interpretation. 


Fig.  2.a :  Part  of  Raman  spectra  for  Si-4  at  295  K. 


In  this  last  paragraph  we  will  discuss  our  results  concerning  the  peak  observed  at  1 14  cm  '  in  more 
detail.  We  will  give  indications  for  the  idea  that  this  peak  can  be  considered  as  the  boson  peak  and  a 
comparison  will  be  made  with  results  obtained  in  a-Si02  • 
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Fig.  2.b  :  Plot  of  /  /  (n(o),  7)  +  1)  as  a  fljnction  of  is>. 


As  already  mentioned  above,  there  is  proof  of  the  presence  of  an  amorphous  part  in  our  samples. 
Additional  evidence  is  given  in  Fig.  2.b  which  shows  a  plot  of  the  scattering  intensity  1  devided  by 
n((0,  J)  +  1,  where  a2((0,  T)  is  the  Bose  factor,  as  a  function  of  co.  It  is  clear  that  no  maximum  is 
observed  anymore.  Moreover,  it  can  be  seen  that  I  /  (u(co,  7)  +  1)  is  approximately  constant  above 

114  cm  ’  .  Since  - - - =  ,  where  C(co)  is  the  coupling  constant  and  g(co)  is  the 

«(co,7’)  +  l  0) 

vibrational  density  of  states,  this  behavior  indicates  that  the  product  C(co)g^(co)  is  linear  in  co  above 
114  cm"'.  Similar  observations  have  abeady  been  made  in  several  other  materials  [11]  and  it  is 
beheved  that  this  is  a  universal  behavior  for  frequencies  above  the  boson  peak. 

The  idea  that  the  observed  peak  at  114  cm'*  is  a  boson  peak  is  also  confirmed  by  Raman 
measurements  obtained  at  77  K.  This  spectrum  also  show  a  peak  at  1 14  cm  but  the  intensity  is  less 
than  that  of  the  peak  observed  at  295  K.  Furthermore,  if  the  reduced  spectrum  at  295  K  is  multiplied 
by  the  Bose  factor  at  77  K,  a  .similar  curve  as  the  measured  spectrum  at  77  K  is  obtained. 

According  to  the  SPM  the  position  of  the  maximum  of  the  boson  peak  is  related  to  the  typical 
parameters  W  and  C  as  follows  :  cfld  ~  W  C■*'^  W  represents  the  characteristic  energy  in  the  SPM 
and  C  is  related  to  the  interaction  between  quasilocal  harmonic  oscillators  responsible  for  the  boson 
peak.  To  investigate  whether  the  position  of  the  peak  in  question  is  meaningful  in  order  to  be  a 
boson  peak,  we  make  a  comparison  with  a-Si02  where  the  boson  peak  is  detected  at  52  cm  .  From 
the  theoretical  ejqjression  for  W  used  in  the  SPM  [8]  we  find  that  W  is  approximately  equal  for  a- 
Si02  and  Si-4.  We  have  performed  ultrasonic  velocity  variation  measurements  on  Si-4  [12]  from 
which  we  can  derive  C  =  5  x  10®.  Using  C  of  amorphous  quartz  to  be  3. 1  x  lO"'*  [13]  and  taking  into 
account  that  Si-4  is  at  least  4. 1  %  amorphous,  the  ratio  for  a-Si02  and  Si-4  of  cOd  and  W  C  *^^  are  in 
agreement.  This  indicates  that  the  position  of  the  boson  peak  at  1 14  cm  *  is  meaningful. 

From  the  five  indications  mentioned  above,  it  can  be  concluded  that  our  results  support  the  existence 
of  a  boson  peak  in  the  partly  amorphous  Si-4  sample  at  1 14  cm 
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ABSTRACT  -  Using  the  current- voltage  characteristics  of  an  abrupt  Si  n+p  junction,  we  show 
how  the  minority  carrier  lifetime,  the  capture  cross  sections  for  electrons  and  holes,  and  the  energy 
level  of  the  corresponding  recombination  center  can  be  determined  independently,  thus  allowing  to 
characterize  completely  this  center.  This  technique  is  illustrated  by  studying  the  main  recombina¬ 
tion  center  in  p-type  Czochralski  grown  Si  and  epitaxial  n-type  doped  GaAs  layers.  It  is  then 
applied  to  characterize  the  recombination  centers  introduced  by  electron  irradiation  at  various 
temperatures  in  Si  and  GaAs  solar  cells.  In  electron  irradiated  Si  cells,  we  find  that  the  main  recom¬ 
bination  center  introduced  by  irradiation  at  90  K  is  the  vacancy.  It  becomes  the  divacancy  for 
higher  irradiation  temperatures.  In  irradiated  GaAs  the  recombination  center,  presumably  associated 
with  the  As  vacancy,  does  not  change  with  the  temperature  of  irradiation  in  the  range  80  -  300  K. 


I.  INTRODUCTION 

Although  they  play  an  important  role  in  many  electronic  and  opto-electronic  devices, 
recombination  centers  have  not  yet  been  correctly  characterized  specially  on  the  point  of  view  of 
their  ability  to  trap  electrons  and  holes.  Usually,  one  measures  the  associated  lifetime  x, 
combination  of  the  cross  sections  On  and  Op  for  electron  and  hole  trapping.  One  of  these  cross 
sections  can  be  measured  when  the  recombination  center  plays  the  role  of  a  majority  or  minority 
carrier  trap.  But,  no  general  technique  exists  allowing  to  measure  both  cjn  and  Op,  and  thus  to 
deduce  x.  This  can  only  be  realized  in  particular  cases  [1,2]. 

The  aim  of  this  communication  is  to  present  such  a  technique,  based  on  the  analysis  of  the  current- 
voltage  characteristics  of  a  diode.  We  shall  apply  it  to  the  case  of  Si  and  GaAs.  Indeed,  although  the 
defects  in  these  materials  have  been  extensively  studied,  the  native  recombination  centers,  to  which 
these  materials  owe  their  lifetime,  have  not  been  detected.  In  the  case  of  irradiated  materials,  many 
defects  are  detected  but  it  has  not  yet  been  possible  to  determine  which  one  is  responsible  for  the 
change  in  the  lifetime. 

The  study  is  performed  using  solar  cells  because  the  lifetimes  in  the  materials  used  for  solar  cells 
are  the  purest,  i.e.  exhibit  the  longest  lifetimes,  then  measured  easily.  As  a  result  the  study  of 
irradiated  cells  is  directly  useful  for  the  knowledge  of  solar  space  degradation,  still  unknown  in  the 
case  of  deep  space  missions  (low  temperature  and  low  illumination). 
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n.  PRINCIPLE  OF  THE  TECHNIQUE 

It  consists  to  analyze  the  voltage  and  temperature  dependences  of  the  d.c.  current  of  a  p-n  junction 
under  direct  and  reverse  biases.  The  current  obeys  the  celebrated  Schottky  equation  : 


J  =  Js  l^exp^^^-1^  (1) 

where  the  saturation  current  Jg  is  directly  related  to  the  minority  carrier  lifetime.  For  a  p+  -  n 
junction,  when  the  n  side  contains  Nq  dopants  (the  case  of  a  GaAs  solar  cell,  the  opposite  case  for 
a  Si  cell),  Jg  reduces  to  : 


where  ni  is  the  intrinsic  carrier  concentration,  and  Dp  and  Tp  the  diffusion  constant  and  the  lifetime, 
respectively,  of  the  minority  (holes)  carriers.  Hence,  ip  and  its  temperature  dependence  can  be 
extracted  from  Jg(T). 

In  practice,  these  ideal  characteristics  are  valid  only  in  limited  voltage  and  temperature  ranges.  In 
other  ranges,  generation  and/or  recombination  of  carriers  in  the  depleted  region  can  dominate.  The 
corresponding  currents  are : 


where  W  is  the  width  of  the  space  charge  region.  These  currents  provide  information  on  the  rates  of 
generation  (Ug)  or  recombination  (Ur)  of  electrons  and  holes  from  the  recombination  centers,  i.e.  on 
the  capture  cross  sections  On  and  Op. 

2 

Under  reverse  bias,  because  the  free  electron  (n)  and  hole  (p)  concentrations  are  low  (pn  «  n^ ),  the 
dominant  process  is  emission,  with  the  rate  of  generation  given  by  : 


where  Nt  is  the  concentration  of  recombination  centers  associated  with  an  energy  level  at  Et,  Ei  is 
the  intrinsic  Fermi  level  and  v  the  thermal  velocity  of  the  carriers. 


Under  forward  bias  the  major  process  in  the  depletion  region  is  capture,  and  the  corresponding 
recombination  current  is  given  by  relation  (3)  where  U  becomes  : 


Hence,  the  determination  of  the  diffusion,  generation  and  recombination  currents  provide  three 
equations  allowing  to  determine  independently  On,  Op,  Et,  Nt,  when  one  of  these  parameters  has 
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been  determined  by  another  technique.  For  instance.  Deep  Level  Transient  Spectroscopy  (DLTS) 
can  provide  Nt  and  Et  when  the  recombination  center  is  placed  in  a  situation  where  it  behaves  as 
a  trap. 

We  shall  illustrate  this  analysis  to  provide  information  on  the  native  recombination  centers  in  Si  and 
GaAs  materials  used  for  the  fabrication  of  solar  cells.  We  shall  also  extend  this  analysis  to  the  case 
of  electron  irradiated  cells. 


m.  NATIVE  RECOMBINATION  CENTERS 


We  illustrate  the  determination  of  the  characteristics  of  recombination  center  in  the  case  of 
unirradiated  Si  cells.  The  studied  cells  are  n'*'p  structures  made  on  a  Czochralski  grown  p-type 
material  having  a  nominal  resistivity  of  10  O-cm.  Capacitance  voltage  measurement  indicates  a 
doping  concentration  Na  =  1.3  x  lO^^  cm'3.  In  this  material  the  defect  responsible  for  the  lifetime 
has  been  detected  and  characterized  by  DLTS  [2].  Its  associated  energy  level  is  located  at  474  meV 
above  the  conduction  band  and  its  concentration  is  2  x  1013  cm '3. 


The  diffusion  current  is  recognized  in  the  range  0.4  -  0.7  V  by  the  linear  variation  of  In  J  versus  V 
for  V  »  kT.  The  value  of  log  J(0)  provides  immediately  t  by  application  of  relation  (2).  This  is 
illustrated  in  Figure  1  for  J-V  characteristics  performed  at  room  temperature  (D  =  30  cm^  s‘i, 
Hi  =  1.45  X  10l*l  cm‘3),  giving  t  =  45  ps  a  value  which  is  verified  by  direct  lifetime  measurement  [2]. 
In  the  bias  range  0. 1  -  0.4  V,  the  slope  of  In  J(V)  is  half  that  in  the  higher  range  and  the  current  is 
dominated  by  recombination.  Since  the  energy  level  of  the  defect  is  at  midgap,  expression  (5)  can  be 
simplified  for  V  >  kT/q  and  gives,  once  integrated  over  the  space  charge  region  : 


Jr  =  q  Y  Oa  V  Nt  ni 

where 


Fig.  1  -  Forward  current-voltage  characteris¬ 
tics  of  a  Si  solar  cell  monitored  at  300  K. 


exp  (6) 

(7) 

106  s-1, 


Fig.  2  -  Range  of  the  characteristics  of  Fig.  1 
corresponding  to  the  recombination  regime. 


The  data  of  Figure  2,  corresponding  to  the  same  situation  than  Figure  1,  give  ;  aa  v  Nt  = 
i.e.  Oa  “  5  X  lO'l'l  cm^. 
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From  Oa  and  z,  it  becomes,  in  principle,  possible  to  deduce  both  On  and  Op.  Indeed,  under  low 
injection  conditions  (assuming  the  electron  and  hole  velocities  are  equal) : 


X 


1 

vNt 


(8) 


where  a  and  p  are  two  coefficients  : 

a=  (n  +  n')/(n  +  p)  and  p=  (p  +  p')/(n  +  p)  (9) 

where  n'  and  p'  are  the  electron  and  hole  concentrations  that  would  exist  if  the  Fermi  level  was 
located  on  the  defect  level  (p  “  1,  a  “  0.23).  The  results  show  that  On  “  10"^^  cm^  while  Op  is 

too  large  to  be  correctly  evaluated.  Then,  minority  carrier  recombination  is  limited  by  electron 
trapping. 

Under  reverse  bias  the  current  is  limited  by  carrier  generation  which  can  be  rewritten  : 

Jq  =  q  m  w  tg  (10) 


where 

Tg  =  ni/Ug.  (11) 

This  regime  can  be  recognized  by  the  linear  dependence  of  J  with  (see  Fig.  3)  the  width  of  the  space 
charge  region : 


1.0  14  1.8 

WCjjm) 


2e(V  +  Vbi) 
qNA 


where  Vbi  is  the  built-in  voltage  of  the 
junction  (0.66  V  at  room  temperature).  In 
the  case  considered  here,  tg  reduces  to  : 

tg  =  Op  On  V  Nt  (On  +  Op)“'  (13) 


Fig.  3  -  Variation  of  the  current  versus  the 
width  of  the  space  charge  regime  in  the  gene¬ 
ration  regime  under  reverse  bias,  measured  at 
300  K. 


Oa  V  Nt. 
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Consequently,  the  generation  regime 
provides  in  this  case  the  same  information 
as  the  recombination  regime. 

The  same  analysis  has  been  performed  on 
GaAs  solar  cells  made  of  a  p’*'  -  n  structure 
grown  by  MOCVD  on  n"*"  GaAs  substrates. 

It  is  then  found  that  the  effective 
recombination  center  exhibits  an  energy 
level  located  at  0,7  -  0.8  eV  from  the 
conduction  band  and  cross  section 
On  4.4  X  10“1®  cm-2  and  Op  =  3.8  x  10-1^ 
cm-2  at  room  temperature.  These  results,  as 
well  as  the  temperature  dependence  of  On 
(see  Figure  4),  demonstrate  that  the 
recombination  center  is  the  defect 
associated  with  the  As  antisite  labelled  EL2. 

4  (b),  5  (c)  and  6  (d). 


IV.  RECOMBINATION  CENTERS  IN  IRRADIATED  CELLS 

The  same  analysis  has  been  performed  on  Si  and 
GaAs  cells  irradiated  at  various  temperatures  with 
1  MeV  electrons.  The  fluences  (typically  between 
10^^  and  10l6  cm'2)  have  been  chosen  to  insure 
that  the  recombination  centers  created  by  irradia¬ 
tion  dominate  over  the  native  ones. 

The  results  are  simple  to  describe  in  the  case  of 
GaAs  because  the  lifetime  does  not  vary  with  the 
temperature  of  irradiation.  This  is  in  agreement 
with  DLTS  observation  which  shows  that  the 
nature  and  concentration  of  the  created  defects  are 
temperature  independent  [7].  The  data  are 
consistent  with  the  characteristics  of  the  defect 
labelled  E5  which  is  located  at  0.96  eV  below  the 
conduction  band  [7].  The  capture  cross  section  for 
holes  is  found  to  be  very  large  (~  10“^cm“2) 
compared  to  that  for  electron  (10“12  cm“2). 

In  Si  the  situation  is  more  complicated  because  the 
nature  and  concentration  of  the  created  defects  are 
temperature  dependent  [8].  As  shown  in  Figure  5, 
three  different  temperature  ranges  can  be 
distinguished,  which  are  in  agreement  with  DLTS 


Fig.  5  -  Variation  of  the  logarithm  of  the 
minority  carrier  cross  section  for  the 
recombination  center  introduced  in  Si 
cells,  versus  the  temperature  of  irradia¬ 
tion. 


Fig.  4  -  Temperature  dependence  of  the 
capture  cross  section  on  the  EL2  defect  in 
GaAs.  The  e  signs  are  our  data.  The  lines 
correspond  to  data  reported  in  refs.  3  (a), 


634 


Defects  in  Semiconductors  -  tCDS-19 


observation  [8],  Below  100  K  the  created  defect  is  the  isolated  vaeancy,  and  its  associated  cross 
section  is  ~  10^’^  to  lO-^'^  cm^.  Above  110  K,  the  vacancy  becomes  mobile  and  other  defects  are 
created.  In  the  third  range,  it  is  known  that  the  divacancy  dominates  since  the  material  is  lightly 
doped.  Because  this  defect  possesses  several  energy  level  in  the  gap,  the  measured  electron  cross 
section  ( ~  1 0“'  ^  cm^)  should  be  ascribed  to  this  defect. 


V.  SUMMARY  AND  CONCLUSION 

We  have  proposed  a  simple  technique  to  determine  both  the  minority  and  majority  carrier  cross 
sections  of  recombination  centers.  The  technique  has  been  illustrated  in  case  of  Si  and  GaAs  on  the 
native  recombination  centers  as  well  as  those  created  by  electron  irradiation. 
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Abstract.  This  work  investigates  the  formation  and  structure  of  a  new  photoluminescent  deep  center 
in  irradiated  FZ  C-  and  Li-doped  silicon  created  upon  annealing  during  the  last  steps  of  the  radiation 
damage  release.  Uniaxial  stress  measurements  reveal  that  the  associated  defect  has  monoclinic  I 
symmetry  with  only  small  departures  from  the  trigonal  symmetry.  The  isotope  structure  exhibited  by 
the  zero-phonon  line  at  879.3  meV  indicates  that  the  center  involves  one  Li  atom.  The  isotope  shift, 
AEisot=  0.18  meV,  is  similar,  per  atom,  to  that  observed  for  the  Q  center  (Li4-V)  in  silicon.  The 
intensity  dependence  of  the  zero-phonon  line  with  [C]  suggests  that  carbon  is  also  involved  in  this 
center. 

Introduction 

Due  to  its  high  mobility  lithium  is  an  important  impurity  in  silicon  that  can  passivate  many  defects 
giving  rise  to  different  Li  associated  complexes  [1-5].  Although  a  great  number  of  Li  centers  have 
been  reported  for  many  years  in  the  literature  [2-10]  the  structural  characterisation  for  most  of  them 
still  remains  unknown.  The  reasons  for  this  lack  of  structural  information  lie  in  the  difficulties  of 
obtaining  suitable  crystals  doped  with  different  isotopes  and  in  understanding  the  chemical  processes 
involved  in  the  formation  of  the  centers.  Neutron  or  electron  irradiation  and  subsequent  annealing  is  an 
effective  way  to  create  defects  in  silicon  [9-11].  The  four-Li  associated  vacancy,  Li4-V,  observed  by 
photoluminescence  (PL)  at  1045  meV  (the  “Q”  center)  or  the  C-  related  four-Li  center  at  1082  meV  (S 
center)  are  examples  of  this  behaviour  [8-10].  In  both  cases  the  isotope  stmcture  of  the  corresponding 
zero-phonon  line  (ZPL)  was  cmcial  for  revealing  the  four-Li  atom  stracture  of  these  centers.  Similar 
procedures  employing  Si  with  mixed  H  and  D  led  to  the  identification  of  different  radiation  induced 
centers  involving  several  hydrogen  atoms  [12]. 

In  this  work  we  investigate  a  new  Li  center  observed  by  PL  at  879.3  meV.  The  interest  for  studying 
this  new  deep  center  is  twofold.  Firstly,  the  center  is  formed  at  high  annealing  temperatures  (550- 
600  °C)  in  Li-doped  silicon  enriched  with  C  during  the  last  steps  of  the  radiation  damage  release, 
the  corresponding  ZPL  dominating  the  low  temperature  PL  spectrum.  Secondly,  the  center  appears 
to  be  passivated  upon  prolonged  annealing  at  room  temperature  as  is  evidenced  through  the 
continuous  decay  of  PL  intensity  at  879.3  meV  with  time. 

Experimental 

Three  series  of  Li-doped  silicon  crystals  have  been  employed  in  this  work.  Czochralski  (CZ)  30  Qcm 
p-type  carbon-lean  Si,  Float  zone  (FZ)  60  Ocm  n-type  oxygen-lean  Si  with  [C]  =  L6xl0‘^  cm’^  and  FZ 
1000  Qcm  oxygen-  and  carbon-lean  Si  doped  with  [Li]  in  the  lO''*  to  lO'^  Li  cm'^  concentration  range. 
For  uniaxial  stress  measurements  we  used  four  single  crystals  of  2x2x18  mm^  oriented  along  <100>, 
<11 1>  and  two  along  <110>  for  exploring  the  PL  polarisation  along  <110>  and  along  the  two 
orthogonal  <1-10>  and  <001>  directions.  The  isotope  structure  was  investigated  with  different  ®Li:^Li 
ratios  using  the  same  Li-doped  Si  crystals  employed  elsewhere  [9].  The  crystals  were  neutron 
irradiated  with  a  dose  of  IxlO’^  cm'^  and  then  annealed  during  30-60  minutes  at  550-600  °C. 
Photoluminescence  spectra  were  obtained  using  Nicolet  60XS  or  Bomem  DA3  Fourier  Transform 
spectrometers  fitted  with  North  Coast  Ge  diode  detectors.  Most  of  the  experiments  were  done  with 
samples  immersed  in  liquid  helium  at  4.2  K,  except  for  stress  experiments  and  temperature 
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dependence  studies  that  were  performed  in  an  Oxford  helium  flow  cryostat.  The  excitation  was 
accomplished  by  a  5 14  nm  Argon  laser. 
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Figure  1.  (left):  PL  spectra  at  4.2  K  corresponding  to  A)  FZ  oxygen-lean  Si  with  [C]  =  1.6xl0’’  cm■^ 
B)  FZ  carbon-  and  oxygen-lean  Si  and  C)  CZ  carbon-lean  Si  doped  with  [Li]  =  l.lxlO”  cm■^  neutron 
irradiated  with  a  dose  of  IxlO'’  cm’^  and  annealed  at  600  °C  for  30  minutes. 

(Right):  Dependence  of  the  PL  spectrum  of  FZ  carbon-  and  oxygen-lean  Si  on  [Li]. 

Results  and  discussion 

Center  formation 

Figure  1  shows  the  PL  spectra  at  4.2  K  from  neutron  irradiated  FZ  Si  with  [C]  =  5x10  ^  and  1.6x10 
cm'^  and  from  CZ  carbon-lean  Si  doped  with  [Li]  =  l.lxlO’’  cm'l  The  spectra  were  obtained  after 
isochronal  annealing  of  30  minutes  at  600  °C.  As  expected  for  these  high  annealing  temperatures  the 
spectra  from  FZ  Si  consist  only  of  two  main  lines  at  879.3  and  1093.2  meV.  The  latter  is  an  intense 
feature  associated  with  the  emission  from  an  exciton  bound  to  a  Li  donor  with  the  creation  of  one 
TO  phonon  [13].  This  emission  is  also  accompanied  by  weak  multiexciton  lines.  Bound  exciton 
luminescence  with  the  emission  of  one  TA  phonon  is  also  observable  as  a  minor  peak  of  the  PL 
spectrum  at  1132.5  meV.  This  big  difference  between  the  emission  intensity  for  TO  and  TA  is 
usually  found  for  shallow  BE-related  luminescence  where  the  vibronic  coupling  is  dominated  by 
silicon  TO  modes  [10,  13,  14].  Moreover  this  Li  emission  is  the  unique  feature  observed  in  the  PL 
spectrum  either  from  non-irradiated  Li-doped  FZ-  Si  crystals  or  from  irradiated  crystals  annealed 
above  about  650  °C.  Annealing  at  these  temperatures  appears  to  completely  remove  the  effects  of 
radiation  damage.  The  ZPL  at  879.3  meV  observed  in  the  FZ  Si  crystals  (Fig.  1)  shows  its 
maximum  intensity  in  the  carbon-enriched  crystal.  The  presence  of  oxygen  inhibits  the  formation  of 
this  defect,  as  it  is  reflected  in  the  PL  spectrum  of  the  CZ  Si  (Fig.  1;  C)  and  from  C-  enriched  FZ  Si 
doped  with  oxygen  (not  shown  here).  In  CZ  Si,  we  only  observe  PL  associated  with  Li  bound 
excitons,  shifted  (by  the  oxygen  content)  to  1092.4  meV.  This  result  together  with  the  intensity 
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dependence  of  the  879.3  meV  ZPL  on  [Li]  shown  on  the  right  side  of  Fig.  1  strongly  suggest  that  the 
optical  center  involves  Li  and  C.  As  we  show  below,  there  is  one  optical-active  Li  atom  associated 
with  the  center.  An  interesting  feature  concerning  this  line  is  the  progressive  decrease  of  PL 
intensity  observed  upon  annealing  at  room  temperature.  Figure  1  (A)  shows  the  zero-phonon 
intensity  obtained  just  after  annealing  at  600  “C;  a  decrease  by  about  1/3  occurs  after  12  hours  of 
room  temperature  annealing,  and  the  same  reduction  occurs  after  fifteen  minutes  for  annealing  at 
100  °C.  This  annealing-induced  reduction  of  ZPL  intensity  could  be  due  to  the  passivation  by  Li  of 
the  center  responsible  for  the  879.3  meV  line.  In  such  a  case  the  resultant  defects  that  would  involve 
at  least  two  Li  atoms,  are  evidently  not  able  to  produce  luminescence  in  the  spectral  range  explored. 
It  must  be  pointed  out  that  the  879.3  meV  PL  discussed  here  is  not  related  to  PL  at  878  meV 
produced  by  the  “W”  found  by  Johnson  et  al.  [11]  upon  annealing  at  100  °C.  The  reported  annealing 
temperature  for  this  defect  (300  °C)  supports  this  view. 


FZ  n-type  Si;  Li  T  =  600°C 

ann 


Figure  2.  Phonon  spectrum  of  the  879.3  meV  line  at  18  K.  Resolution:  1.2  meV. 

Inset:  High  resolution  spectrum  of  the  ZPL  at  1.5  K.  The  same  spectrum  is  obtained  at  4.2  K.  The 
isotope  structure  is  indicated.  Resolution:  0.012  meV. 

Phonon  side  band  and  isotope  structure 

Figure  2  shows  the  phonon  side  band  associated  with  the  ZPL  at  879.3  meV.  A  detailed  account  for 
this  spectrum  will  be  reported  later,  but  it  can  be  seen  that  the  phonon  couplings  are  dominated  by 
resonant  phonons  having  vibrational  energies  close  to  the  acoustical  transverse  mode  energy  in  pure 
Si.  The  one-phonon  spectrum  consists  mainly  of  phonons  at  16  meV.  The  temperature  dependence 
of  the  spectrum  in  the  4.2  -  70  K  range  allows  us  to  identify  the  peak  at  66.3  meV  as  a  local  mode 
(LM)  of  this  center.  The  neighbouring  peak  placed  toward  low  energy  at  806.2  meV  corresponds  to 
a  different  defect,  as  shown  by  sample  statistics. 

The  temperature  dependence  of  the  ZPL  intensity  plus  the  phonon  side  band  increases  by  a  factor  3 
from  5  to  30  K.  Above  this  temperature  it  decreases  following  a  characteristic  thermal  dissociation 
behaviour  with  an  activation  energy  of  35±5  meV.  This  is  the  value  expected  in  Si  when  one 
effective  mass  particle  orbits  one  opposite  charge,  suggesting  that  one  of  the  exciton  particles  is 
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highly  localised  to  the  defect  while  the  other  is  bound  to  the  coulomb  field  created  by  the  first.  The 
inset  shows  a  high  resolution  spectrum  of  the  ZPL.  Two  structured  components  can  be  seen  at  879.07 
meV  (a  weak  component)  and  at  879.25  meV  (a  strong  component).  The  measured  integrated  intensity 
for  these  components  0.07:0.93,  is  very  similar  to  the  natural  isotope  abundance  of  ®Li:’^Li,  suggesting 
that  the  ZPL  is  perturbed  by  the  effects  of  one  Li  atom.  This  result  is  confirmed  by  the  ZPL  value  of 
879.1  meV  obtained  in  ®Li-doped  FZ  Si.  For  an  isotope  ratio  of  0.53:0.47  the  components  could  not 
be  resolved  spectroscopically  but  the  envelope  peaks,  as  expected  now,  at  879.15  meV.  The  centre 
therefore  contains  at  least  one  Li  atom.  The  isotopic  shift,  AE  =  E(’Li)  -  E(®Li)  =  0.18  meV,  is 
similar,  per  active  Li  atom,  to  that  observed  for  the  Q  center  (Li4-V)  in  silicon  [9].  The  presence  of 
C  can  be  inferred  from  the  dependence  of  the  ZPL  intensity  on  the  C  concentration  in  the  two  EZ  Si 
crystals  investigated. 

Efforts  to  form  this  center  in  mixed  ‘^C  and  '^C-doped  FZ  Si  for  isotope  analysis  were  unsuccessful 
due  to  incorporation  of  oxygen  from  quartz  during  the  in-diffusion  of  '^C  (carried  out  with  methane 
at  1300  °C  for  7  days).  The  presence  of  oxygen  in  the  crystal  was  revealed  by  a  prominent  C  line 
(879.6  meV)  observed  in  PL  whose  intensity  was  an  order  of  magnitude  higher  than  the  G  line 
intensity  in  a  FZ  Si  with  [C]  =  L6xl0‘’  cm'^.  This  unintentional  doping  with  oxygen  inhibited  the 
formation  of  the  center  being  investigated  here  and  therefore  no  conclusive  result  about  its  carbon 
structure  could  be  obtained  from  isotope  experiments. 

Uniaxial  stress  measurements. 

Figure  3  plots  the  stress  data  performed  upon  this  center  along  the  three  high  symmetry  directions  of 
Si.  The  ZPL  splitting  is  illustrated  as  well.  Two  facts  must  be  underlined:  i)  there  is  a  linear 
dependence  of  the  ZPL  shifts  with  the  stress,  and  there  is  no  evidence  of  any  stress  induced  coupling 
of  excited  states,  ii)  The  observed  orientational  splitting  indicates  that  the  center  has  monoclinic  I 
symmetry.  The  experimental  shift  rates  and  the  calculated  least  square  fit  values  with  the 
corresponding  Ai  parameters  (i=l  to  4)  for  a  monoclinic  I  center  are  collected  in  Table  I,  using 
Kaplyanski  notation  [15].  Moreover  the  polarisation  analysis  of  the  intensities  of  all  the  stress-split 
components  indicates  that  the  electric  dipole  is  not  directed  along  the  principal  <110>  axis  of  the 
monoclinic  I  center  but  it  lies  on  the  perpendicular  (1 10)  plane  [  1 6] . 

A  simpler  view  of  the  splitting  pattern  of  Fig.  3  is  to  note  that  it  is  similar  to  that  expected  for  a 
transition  between  non-degenerate  orbital  states  in  a  center  of  trigonal  symmetry  (no  splitting  along 
<100>  and  two  split  components  along  <11 1>  and  <110>),  implying  that  the  stress  data  can  be 
described  in  terms  of  small  perturbations  of  a  center  of  trigonal  symmetry. 

The  stress  behaviour  can  also  be  explained  on  the  basis  of  a  descendent  symmetry  scheme  as  follows. 
We  can  think  of  an  s  -4  p  electric  dipole  allowed  transition  with  Td  symmetry.  In  a  trigonal  symmetry 
the  p  states  split  (T2  ^  AiH-E)  and  a  non-degenerate  state  (Px+Py+pz)/V3  is  created  directed  along 
<1 1 1>.  If  we  take  a  combination  T'  =  a  (px  -  Py)  +  P  Pz  with  2a^  +  =  1,  we  have  a  state  with  a  dipole 

moment  at  an  angle  cos''(P)  to  the  <100>  axis  and  perpendicular  to  <110>.  Transforming  the  crystal 
coordinate  x,  y,  z  axes  to  the  conventional  trigonal  axes  is  possible  to  calculate  easy  the  stress 
perturbation  <'P  V  *?>,  where  V  is  the  general  stress  operator,  corresponding  a  singlet  to  singlet 
transition  in  monoclinic  symmetry  as 
V  =  A  S  -I-  2C/3  S'H-  B  (S,  H-  S^). 

Here  S  =  Sxx+Syy-i-Szz,  S'=  Sxy-i-Syz+Sxz,  Se=  2Szz-Sxx-Syy  and  S  =  (Sxx-Syy)V3  are  combinations  of  the 
stress  tensor  components.  The  stress  parameters  A  and  B  describe  the  changes  in  energy  of  the  pz  state 
for  unit  hydrostatic  stress  S  and  a  unit  S,,  stress,  respectively,  and  C  is  defined  through  CSxy  being  the 
coupling  for  the  px  and  py  states  by  a  unit  Sxy  stress.  After  some  arithmetic  the  matrix  element  can  be 
expressed  as  Eq.  (1) 

<  xp  V  T  >  =  [A-2B(a^  -  P^)]  Szz+  [A-)-B(a^  -  P^)]  (Sxx+Syy)  -2  C  Sxy  -1-  2aP  C  (Sxz-  Syz)  (1) 

In  the  case  of  trigonal  symmetry  with  dipole  along  <1-1-1>  (this  condition  is  required  for  the  electric 
dipole  to  be  in  the  (110)  plane)  the  trigonal  stress  parameters  are  then  Ai‘  =  A  and  A2‘  =  -C/3. 
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Uniaxial  Stress  (MPa) 


Figure  3.  (Right):  Uniaxial  stress  spectra  at  T  =  8  K  of  the  879.3  meV  line.  The  stress  is  directed  along 
high  symmetry  directions  (unpolarised  spectra).  (Left);  Line  energy  shift  versus  stress  plots.  Straight 
lines  represent  the  experimental  shift  rate  (full  line)  and  the  calculated  one  (dashed  line).  Energy  shifts 
are  given  in  cm’’  and  stress  in  MPa  (See  Table  I). 

In  terms  of  monoclinic  I  notation,  the  stress  parameters  are  given  by 

Ar=  A-2B(a^  -  p2);  A2'^=  A+B(a^  -  p^);  A3"’=  -  C;  A4'"=  ap  C  (2) 

Note  that  for  trigonal  symmetry  with  electric  dipole  along  <1-1-1>  (a  =  -P  =  1/  V3),  and  so 
Ar  =  A2'"  =  Ai‘  and  As™  =  A4"’  =  A2‘ 

With  this  model  we  can  explain  the  present  stress  data  from  a  perturbed  trigonal  center  taking  A=:  3.9 
cm'VGPa  and  C=  203  cm’VGPa,  or  A/  =  3.9  and  A2‘  =  67.7  cm'VGPa,  which  predict  shift  rates  of  3.9 
along  <100>;  139  and  -41  along  <11 1>;  and  72  and  -63  along  <110>,  all  in  cm  '/GPa  units.  These 
shifts  approximate  to  the  gross  splittings  (Table  I)-  Taking  the  stress  parameters  obtained  by  fitting  for 
the  monoclinic  I  symmetry  (Table  I)  we  can  estimate  the  a  and  p  coefficients  of  the  wavefunction 
from  Eqs.  (1  and  2):  =  A3"’/(3  A2')  and  aP  =  A4"‘/(3  A2') 

From  Table  I,  we  obtain  B  =  1 1.5  cm'VGPa,  a  =  0.64  and  P  =  0.41  which  implies  that  the  dipole  is  at 
an  angle  0  =  cos  ’  p  =  65.8°  with  <001>.  Considering  the  trigonal  angle  of  54.7°,  the  dipole  is  making 
an  angle  of  10°  with  the  C3  axis  which  emphasises  the  quasi-trigonal  symmetiy  of  this  center.  The  a 
and  P  values  provide  also  the  best  fit  to  the  observed  polarisation  intensities  thus  confirming  the 
present  interpretation. 

In  conclusion  the  present  analysis  indicates  that  the  center  is  monoclinic  I  (quasi-trigonal)  with  the 
electric  dipole  within  the  (110)  plane  and  at  10°  from  <11 1>.  Based  on  this  fact,  the  high  annealing 
temperatures  required  to  form  the  center,  the  need  for  C  in  the  lattice,  and  the  evidence  for  (at  least) 
one  Li  atom,  a  possible  model  for  this  center  is  a  carbon  radiation  damage  involving  a  Li  atom, 
perhaps  as  an  analogue  of  the  hydrogen-carbon  centers  like  the  T  center  [17-19].  If  so,  one  can 
anticipate  a  family  of  Li-related  centers  parallel  to  the  H-related  centers;  however,  more  research  is 
needed  to  substantiate  this  suggestion. 
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Table  I.  Stress  data  for  the  879.3  meV  line.  The  experimental  shift  rates  and  the  calculated  ones  (in 
parenthesis)  from  least-square  fitting  to  the  theoretical  expressions  for  monoclinic  I  symmetry  given  in 
the  second  column  are  in  cm'VGPa  units. 

Fit  parameters:  Ai=  -1.6;  A2-  6.6;  A3=  -83.7;  A4=  55.0  (cm  ’/GPa); 

(See  text)  A=  3.9;  B  =  1 1 .5;  C=  203  (cm  ’/GPa);  a  =  0.64  and  P  =  0.41 


Direction  stress 

Theoretical  expressions 

Experimental  (calculated) 

shift  rates  (cm'VGPa) 

<100> 

a  =  A) 

-6.5  (-1.6) 

b  =  A2 

10  (6.6) 

<111> 

c2  =  (Ai+2A2-2A3+4A4)/3 

121  (133) 

cl  =  (Ai+2A2“2A3-4A4)/3 

-14  (-14) 

d  =  (Ai+2A2-i-2A3)/3 

-41  (-52) 

<110> 

f=A2-A3 

95  (90), 

e2  =  (Ai+A2+2A4)/2 

72  (58) 

el  =  (A,+A2-2A4)/2 

-55  (-53) 

g  =  A2+  A3 

-89  (-77) 
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THE  INFLUENCE  OF  ACCUMULATED  DEFECTS 
ON  THE  LATERAL  SPREAD  OF  IMPLANTED  IONS 

SXNakagawa,  Dept,  Appl,  Physics,  Okayama  Univ,  of  Science,  700  Okayama,  Japan 

keywords  :  high-fluence  implantation,  nanoscale-device,  dynamical  relaxation 

Abstract.  We  aim  at  describing  the  influence  of  high-fluence(  <P)  ion  implantation  on  the  three 
dimensional  range  distribution.  When  increasing  the  <P  there  is  a  forced  redistribution  of  ion  ranges 
caused  ^  the  sputtermg  and  the  local  swelling  m  the  target.  We  examine  the  high- ^  effects  using  a 
Monte-Cmlo  srmulation  code_  called  TRIDYN,  an  extended  version  of  TRIM,  to  analyze  the 
composition  change  in  a  one  dimensional  amorphous  target.  In  this  paper  we  will  examine  a  case  of 
B  implanted  into  Si,  with  the  fluence  from  to  ions-cm'^  with  an  incident  energy(£(,) 

range  from  1  to  200  keV.  The  results  will  be  summarized  as  two  types  of  quantities;  the  critical 
fluence,  beyond  which  the  non-linear  effect  emerges  significantly  and  the  extrapolation  factors. 

is  determined  by  the  maximum  fraction  of  B  into  Si  depending  on  the  level  of  the  The 
relation  of  0  with  respect  to  the  is  expressed  by  an  algebraic  function.  The  extrapolation  factors 
^e  to  be  multiplied  by  the  projected  range,  R  ,  and  the  longitudinal  range  straggling,  4R  .  Most 
importantly  the  extrapolation  factor  on  the  lateral  range  straggling,  4R,,  is  obtained  by  means  of  a 
correlation  between  and  AR^  even  from  the  result  of  one  dimensions  calculation  like  TRIM. 

1.  Introduction 

When  simulating  the  three-dimensional  distribution  of  stopped  ions  or  dopants,  we  often 
conventionally  adopt  the  generally  accepted  low-fluence,  0,  approximation  [1].  Our  assumption  for 
a  low-d^  approximation  means  that  if  a  target  can  be  regarded  as  not  having  any  accumulated 
defects,  the  dopant  concentration  is  proportional  to  0.  However,  the  density  of  2X10^  As  atoms 
(cm"^)  is  actually  observed  at  lOOkeV  implantation  with  ions-cm'^  at  a  depth  of  0.05  pm  in  Si 

[2].  The  implantation  implies  that  the  number  of  total  Frenkel  pairs  (FKP)  produced  can  be 
comparable  with  the  atomic  density  of  the  host  target.  Recently  the  measurements  of  accumulated 
defects  has  been  developed,  by  means  of  coupling  the  thermo-wave  and  PAD  techniques  [3]. 
However,  when  considering  the  precision  of  range  profiling  required,  computer  simulation  is 
invaluable,  thus  a  low- ^  approximation  should  be  considered  as  an  evaluation  technique  as  well. 

The  high-  0  effects  create  changes  with  the  surface  sputtermg  or  surface  deposition,  swelling,  and 
radiation  enhanced  diffusion  (RED),  leading  to  the  redistribution  of  implanted  ions.  One  change 
concerns  the  surface  shift  due  to  low-energy  ions  with  less  than  several  keV.  In  this  energy  regime, 
the  surface  deposition  and  the  sputtermg  compete  to  shift  the  surface  position  into  opposite 
directions.  Both  effects  are  enhanced  by  increasing  0.  Another  changes  occur  in  the  bulk.  The 
swelling  happens  when  the  host  material  cannot  further  locally  accommodate  more  impurity  ions  in 
a  small  volume  inside  the  bulk,  because  of  not  being  able  to  retain  too  high  strain  energy.  In 
addition  to  the  swelling,  RED  also  introduces  a  change.  It  was  confirmed  to  occur  when  the 
impurity  concentration  is  increased,  e.g.  P  and  B  in  Si  [4].  The  increase  of  the  diffusion  constant  is 
interpreted  by  the  reduction  of  the  defect  formation  energy,  Ef,  due  to  the  accumulated  defects. 
There  is  a  test  to  evaluate  the  diffusion  constant  of  RED  by  analyzing  the  three  dimensional  range 
profiles  formed  by  heavily  doped  Hg*  ions  in  Ni  [5],  In  order  to  take  into  account  the  effect  of  the 
accumulated  defects  during  sequential  ion  bombardment,  we  employ  a  simulation  code  called 
TRIDYN(ver.4)  [6]  created  by  Moller  and  Eckstein.  It  is  an  extended  version  of  TRIM,  used  for 
analyzing  the  composition  change  with  high- ^  implantation.  Note  that  TRIDYN  only  evaluates  the 
longitudinal  dimension  for  the  amorphous  target  and  ignores  the  RED  in  principle. 

First  the  limiting  0^,  under  which  the  low- approximation  is  probable,  is  determined.  The  high-(P 
influence  is  evaluated  in  terms  of  range  moments;  the  mean  projected  range,  R  and  the  longitudinal 
range  straggling,  AR^.  Second  the  extrapolation  factors  are  defined  so  as  to  obtain  R  and  AR  .  under 
high-^  condition  from  those  calculated  under  low-^  approximation.  Finafly  the  ^similar 
extrapolation  factor  to  be  multiplied  on  the  AR,  is  defined,  by  means  of  a  correlation  between  AR 
and  AR^. 
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2.  The  limit  of  low  fluence  approximation 

The  maximum  fraction  of  impurity  species,  F^,  varies  even  against  the  same  target.  The  higher  the 
Ef,  the  lower  the  F^.  Even  with  abundant  4>as  much  as  possible,  the  maximum  concentration 
observed  decreases  in  the  order  of  As,  P,  and  B  [7],  which  order  is  interpreted  by  means  ofE^ 

When  exceeding  the  threshold  F^  by  chance,  the  medium  must  relax  and  the  redistribution  of 
impurity  ions  occurs.  In  TRIDYN,  an  assumption  is  introduced,  i.e.,  each  atom  keeps  its  fixed 
volume  which  is  defined  when  those  atoms  cohere  into  an  elemental  solid,  according  to  Littmark 
and  Hoffer  [6].  Then  if  the  areal  density  of  impurity  exceeds  the  limit  determined  by  F^,  the 
excessive  density  in  a  slab  causes  the  increase  in  the  thickness  of  the  slab  involved,  during 
sequential  ion  bombardment.  This  treatment  is  called  “’dynamical  relaxation”. 

In  our  TRIDYN  simulation  the  nuclear  stopping  power,  was  determined  by  the  Kr-C  potential 
and  we  selected  the  local  electronic  stopping  power,  S^,  following  the  Oen-Robinson  model  [8]. 
This  framework  of  velocity  proportional  is  well  suited  for  B  into  Si  with  the  incident  energy 
regime  of  E^  <2MeV.  The  sputtering  occurs  when  the  recoil  atom  has  an  energy  higher  than  the 
surface  binding  energy  U(=4.65eV),  to  leave  the  surface.  A  FPK  is  produced  by  receiving  a  higher 
energy  than  the  displacement  energy  £'^(=13eV),  according  to  the  Seitz-Kohler  model  [9].  However, 
the  possibility  of  a  defect  formation  due  to  is  excluded  in  this  version  of  TRIDYN.  For  the  value 
of  U,  the  mean  value  of  the  binding  between  B-B  and  Si-Si  is  used  [10].  For  the  value  of  Ej,  the 
same  value  is  used  for  Si-origin  and  B-origin  FKP.  Hie  maximum  fraction  F^^  is  determined  from 
experimental  data.  The  highest  density  observed  was  8X10^°atoms-cm-’  at  lOkeV  B  into  Si  (100) 
with  <P=3X10'=ions-cm-^  [11]  or  6X10^atoms-cm-®  at  120keV  B  into  Si(lll)  with  ^1X10 
ions-cm'^  [12].  Thus  we  determined  the  optimal  value  of  F^  for  B  into  Si  to  be  0.01,  which  value  is 
independent  of  E^.  Although  the  differs  with  the  types  of  defects,  we  hypothesize  that  there  is  no 
significant  difference  between  amorphous  and  crystalline  Si,  as  far  as  F^  is  concerned. 

The  Fig.l  shows  the  B  fraction  in  Si  as  a  function  of  depth  scaled  by  R^,  for  two  typical  cases 
showing  nearly  saturated  B  concentration.  One  is  the  case  of  open  circles)  and  another 

£o=200keV(by  filled  circles),  with  0  =1X10'^  and  IX  10'^  ions•cm•^  respectively.  The  critical 
fluence,  <t>^,  yielding  F^  =  0.01  increases  monotonously  with  E^,  as  is  shown  in  Fig.2.  If  exceeded 
(P  the  non-linear  effecriollowing  the  impurity’s  saturation  should  be  counted.  Consider  the  volume 
enclosing  the  stopped  ions  in  the  bulk.  The  higher  the  £„  the  larger  the  Vj  whose  space  expands 
towards  the  deeper  site.  Hence  with  increasing  Egthe  larger  ^is  required  to  reach  the  F^,  at  a  site 
having  the  maximum  B  fraction.  However,  on  the  other  hand,  the  relative  importance  of  to  the 
whole  energy  loss  process  increases  with  E^.  This 
preference  suppresses  the  number  of  stopped  ions 
beneath  the  surface  and  decreases  the  relatively. 

The  two  competing  trends  are  shown  in  Fig.l  as  a 
convex  curve  even  below  jEg=200keV.  The  latter  ~ 
trend  is  consistent  with  the  ordinary  expectation  that  .= 
an  almost  isolated  doping  layer  is  produced  at  a  deep  “ 
site,  for  the  case  of  high-energy  implantation.  Note  % 
that  the  maximum  B  density  observed  [11,12]  are  f 
produced  with  a  fluence  of  >45^.  * 

We  theorize  the  curve  drawn  in  Fig.2  so  as  to  define  g 
the  boarder  line  beyond  which  the  low-<P  2 
approximation  fails  evidently.  The  relation  is 
expressed  by  an  following  algebraic  function  of 

r  , -  0.0  0.5  1.0  1.5  2.0  2,5  3.0 

+  Y  V^o  +lj  ^  (1)  depth/i?^ 


where  four  coefficients  are  a=10^,  p=-840.7, 
Y=25930,  X=1.750,  for  the  present  case  of  B  into 
silicon  in  an  energy  range  of  IsEp^  200keV. 


Fig.l  The  almost  saturated  B  density  in  Si,  created  at 
ZkeVBwith  ®=10’Tons'cm'^and  200keV  Bwith  <P=10'® 
ions' cm■^  where  the  maximum  fraction  of  B  is  set  to  be 


f».=0'01. 
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In  order  to  touch  the  <P-dependence  on  ion  ranges,  a 
low  value  0  should  be  higher  than  the  lowest  0 
where  a  statistical  average  of  ranges  can  be  taken.  In 
this  regard,  the  value  of  a(-lO’)  may  be  too  small  as 
the  lowest  fluence  from  which  non-linear  effect 
emerges  notably  at  the  extreme  of  £q=0. 

The  total  numbers  of  FKP  associated  with  B 
implantation  are  shown  by  plots  in  Fig.3.  Open  and 
filled  symbols  are  used  to  distinguish  origins  due  to 
Si  and  B,  respectively.  With  ^10“  implantation 
(triangles),  we  can  ignore  the  influence  of  accumu¬ 
lated  defects,  as  far  as  in  the  energy  range  beyond 
IkeV.  With  reminding  the  result  in  Fig.2,  the  B 
saturation  is  associated  with  a  large  number  of  Si- 
origin  FKP,  which  is  as  high  as  iV„(4.978X10^ 
atoms'cm"^)  indicated  by  a  horizontal  hair  line.  While 
provided  200keV  B,  there  is  still  a  room  for 
accommodating  further  defects. 

As  0  increases,  the  number  of  FKP  of  Si-origin  is 
proportional  to  0.  The  accumulated  B  ions  in  the 
target  also  increases  with  0  proportionally,  thus  the 
number  of  FKP  of  B-origin  increases  in  proportion  to 
0  These  relation  explain  the  relative  height  among 
these  eight  curves. 

Consider  the  following  case.  If  the  is  settled  at  a 
much  higher  value,  e.g.  0.4  as  is  taken  for  D  in  C,  the 
longitudinal  range  straggling,  AR^,  decreases  with  0. 
This  value  of  =0.4  corresponds  to  that  if  five  of 
tetrahedral  interstitial  sites  of  crystalline  Si  were 
occupied  by  B.  A  higher  results  due  to  B-B 
collision  thm  that  of  B-Si  collision.  The  correspond¬ 
ing  gamma  factors  are  (B-B:  y=l,  B-Si:  y  =0.082). 
Therefore  if  the  region  around  the  is  already 
occupied  by  excessive  B  ions,  the  next  B  ion  should 
experience  a  higher  due  to  excessive  B 

concentration,  which  suppresses  the  ion  range.  In  fact 
as  0  increases,  the  -profile  as  a  function  of  depth 
becomes  sharper  and  higher.  On  the  other  hand,  the 
decreases  in  relation  to  the  excessive  B 
concentration  is  predicted  by  Bragg’s  Rule  [13].  Such 
a  concentration  could  not  occur  actually  because  the 
swelling  precedes  before  this  stage. 


Fig.2  Critical  fluence  yielding  in  Si  as  the  function 
of  Eq.  The  curve  indicates  the  boarder  line  below  which 
the  loW“  0  approximation  is  allowable. 


Fig.3  The  accumulated  Frenkel  pairs  for  2keV  B  with 
^=10”  (triangles)  and  0=lO^^(circles),  and  200keV  B  with 
and  (P=10^^  Open  and  filled  symbols  denote  Si- 
origin  and  B-origin  Frenkel  pairs,  respectively.  The 
horizontal  hairline  shows  the  atomic  density  of  Si  target. 


3.  The  high-fluence  effects  and  the  extrapolation  factor 


illLCaiili 

1 

2 

5 

10 

20 

Calc. 

0.6461 

0.7471 

0.7452 

0.6285 

0.4569 

0.2462 

0.1368 

0.06998 

Simui. 

0.255 

0.305 

0.306 

0.272 

0.209 

0.113 

0.046 

0.011 

Table  I  The  amount  of  the  surface  recession  (A)  of  Si  caused  by  B  ions  with  !P=10“  ionS'Cm^.  The  notation  “Caic.”  and  “Simui.” 
mean  the  results  due  to  empirical  formula  [14]  and  the  present  simulation,  respectively.  The  fluence  dependence  on  the  and  the 
ARp  of  longitudinal  range  distribution,  by  means  of  the  ratios  to  those  calculated  assuming  without  accumulated  defects. 
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In  accordance  with  the  ion  implantation,  the  sputter¬ 
ing  and  the  deposition  shift  the  surface  in  opposite 
directions,  then  the  depth  distribution  of  stopped  ions 
is  changed  mathematically. 

The  lower  the  Eg  the  more  the  deposition  takes  place. 
For  example,  the  surface  position  shifts  only  towards 
the  vacuum  for  Cs  ions  into  Si  with  Eg  «  IkeV  [10]. 
Table  I  summarizes  the  degree  of  surface  recession 
Ax  of  Si  bombarded  with  ^=10^^  B  ions-cm'^  as  a 
function  of  £„  (“Simul.”),  in  comparison  with  the 
calculated  values  from  the  sputtering  yield,  Y,  using 
an  empirical  formula  [14]  (“Calc.”).  Here  Ax=Y^INg 
is  used.  Using  B  ions  with  Eg  >1  keV,  the  surface 
shift  is  always  leaded  by  the  sputtering,  although  the 
surface  deposition  seems  to  begin  to  counteract  the 
surface  recession  at  £Q<5keV.  The  surface  recession 
is  stronger  than  surface  deposition,  however,  the  net 
shift  is  negligible  as  is  compared  with  the  values  of 
R  and  AR^.  Hence  the  swelling  seems  to  be  the  major 
key  to  determine  the  redistribution  of  ion  ranges.  So 
we  can  predict  that  AR^  =.<{z-Rpf>^  will  increase 
significantly  due  to  swelling.  The  change  to  be 
occurred  in  R^  =<z>  cannot  be  predicted  simply. 

The  Fig.4  summarizes  the  effect  on  R^  and  AR^  of 
B  ions  implanted  into  Si,  in  terms  of  ratios  to  those 
obtained  by  neglecting  the  accumulated  defects.  The 
lower  the  incident  energy,  the  deviation  due  to  the 
higher  becomes  more  pronounced.  For  the  case  of 
0  <10'^ions-cm'^,  there  appeared  to  be  no  significant 
difference  in  both  R^  and  AR^  from  those  respectively 
obtained  in  the  low-^  cases.  Thus  far  we  supposed 
the  non-linear  effect  emerges  gradually,  by  judging 
from  the  number  of  FKP  in  Fig. 2.  Nevertheless,  this 


incident  energy  E  (keV) 

Fig.  4  The  fluence  dependence  on  the/?,,  and  the  AR,  of 
longitudinal  range  distribution,  by  means  of  the  ratios  to 
those  calculated  values  assuming  without  accumulated 
defects. 


Fig.4  reveals  that  high-^  effects  appear  so  critically 

when  Eg  exceeds  a  certain  critical  value,  as  if  certain  synergistic  non-linearity  in  the  ion 
concentra-tion  profiles  takes  places.  The  value  E^  should  be  given  by  converting  Eq.(l)  as  E^  =E{*P 
J.  The  ratios  depart  abmptly  from  unity  when  Eg  is  reduced  to  a  smaller  value  than  Each  set  of 
curves  seem  almost  parallel  to  each  other  and  the  difference  among  them  is  solely  in  the  value  of 
Then  the  function  describing  such  a  synergistic  behavior  would  be  arranged  by  means  of  the 
Heviside  function  1{{E-E).  Terms  are;  a  negative  power  function  of  (E,-£)  and  an  exponential  term 
to  include  certain  physical  continuity.  Ratios  are  arranged,  for  all  the  cases  with  different  Eg  and 


in  terms  of  E^  (cP)  determined  by  Eq.(l) 


^2^  =  l+|(£,-E)^-H(Ec--E)  +  Tiexp(-p(£-  EJ),  (2-1) 

■^p,low 

=  1  +^XEc-E)^'-HiE,-E)  +  r^'^xp(-ix'iE- EJ)  ,  (2-2) 

ERp,iow 

where  the  indices  of  high  and  low  mean  to  include  the  non-linear  effect  and  exclude  it,  respectively. 
The  common  parameters  (i,  "H,  K  p,  §',11’,  X’,  p.’)  are  determined  by  the  non-linear  least  square 
analysis.The  two  equations  give  the  extrapolation  factors  for  the  respective  range  moments.  That  is 
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for  the  longitudinal  ranges,  we  can  predict  and  AR^  under  high-  <P,  once  calculated  those  values 
under  the  low-  approximation. 

We  will  further  intend  to  derive  the  similar  extrapolation  factor  for  the  lateral  range  straggling,  AR^ 
(=<(x‘ +y^)>^).  The  investigation  into  which  directions  the  excessive  ions  diffuse  has  not  yet  been 
complete.  However  we  hypotheses  that  when  an  excessive  ion  enters  in  the  last  stage  after  having 
dissipated  almost  of  Eg  with  the  lost  memory  of  incident  direction,  the  direction  of  diffusion  would 
be  isotropic.  Therefore  the  ratio  of  the  lateral  to  longitudinal  straggling  may  be  kept  even  under  the 
high-(P  condition.  If  this  is  realistic. 


^  high  ^  low 

■■  ■  -  . . — gg  ■ 

^^p,high  ARpjow 


^R-pyhigh 

,or  i^Riyhigh  “  Ai?L 

I  ^^PylOW 


(3) 


Then  by  means  of  the  same  extrapolation  factor  of  Eq.(2-2),  we  can  evaluate  the  AR^  if  we  had 
already  calculated  ARj^  ^  from  the  three  dimensional  ion  range  calculation  under  low-  condition. 
Otherwise,  for  other  calculations  supposing  one-dimensional  target  like  TRIM,  we  can  estimate 
high  ^p,  high  indirectly,  as  will  be  discussed  in  the  next  section. 

4.  Correlation  between  lateral  and  longitudinal  straggling 

Fumkawa  et  al.  [15]  supposed  an  ellipsoid  of  revolution  of  which  the  lengths  of  two  axes  are 
determined  by  the  and  AR^.  The  eccentricity  or  the  ratio  of  AR^  to  AR^  was  known  to  depend  on 
the  mass  ratio  of  ion  to  target  atom,  with  the  aid  of  semi  Monte-Carlo  simulation.  As  a  result  AR^  > 
AR^  for  light  ions  and  <  AR^  for  heavy  ions.  By  further  including  the  energy  dependence  of  the 
eccentricity,  Fink  et  al.  [16]  generally  arranged  the  correlation  between  and  AR^,  via  a 
comparison  using  the  TRIM  calculation.  It  was  established  under  the  low-  0  approximation,  by 
introducing  the  universal  straggling  in  the  LSS  unit 


ARL,high  ARi^low  b  o  b  /a\ 

ITa  *  '  rS long, gen  ARl^high  “  ARp^high  ri'  O long, gen  •  W 

high  Atip^  lgy„ 


The  set  of  two  coefficients,  a  and  b  in  Eq.(4),  are  different  for  the  three  energy  regimes;  low, 
intermediate,  and  high  Eg.  These  cases  are  classified  as  follows, 

a  =  0.47,  b  =  -0.03  for  a  long,  gen  <  0-03, 
a  =  1.23,  h  =  0.26  /or  0.05  <  <7,  (5) 

a  =  2.34,  b  =-0.08  for  1  <  aiong,gen  ■ 


The  smaller  the  the  more  dominant  the  5„  (low  Ef)  is.  The  larger  the  the  more 

dominant  the  (high  E^  is.  The  second  case  in  Eq.(5)  corresponds  to  the  intermediate  energy 
regime,  where  and  5^  are  competing  against  each  other.  This  energy  regime  which  corresponds  to 
30A<  ARp  <  3000A  fully  covers  the  range  of  1  <  £„  <  200keV,  as  is  shown  in  Table  II.  Therefore  we 
can  fix  a=1.23  and  b=0.26  in  this  study.  The  definition  of  cri„„g,ge„  is, 


rr  long,  gen 


Jt  NqU  12^  M iM 2 


.(6) 


where  Mj  and  are  the  mass  of  the  ion  and  the  target  atom,  respectively.  The  screening  length  ajg 
is  coincident  with  that  defined  for  the  BZ  potential  [17]  which  was  used  to  determine  the  two 
parameters  a  and  b.  It  is 
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a  12 


0,8854 


(7) 


E.(kcV) 

1 

2 

5 

10 

20 

50 

100 
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(P=10“ 

R„ 

65i.6 

113.4 

25i2 

48i2 

954.2 

2369 

4547 

8393 

39.01 

65.35 

135.6 

237.9 

423.2 

839.5 

1302 

1811 

(P=10‘® 

Rj, 

95.49 

151.5 

292.4 

504.9 

948.0 

2362 

4562 

8386 

- ^ 

56.13 

89.27 

171.9 

290.2 

466.5 

8395 

1300 

1802 

. 

Table  II  Hie  range  moments(A)  of  B  into  Si  at  energies  irom  1  to  200keV, 


5.  Conclusions 

Our  final  purpose  was  to  define  the  high-fluence  ( <P)  effect  on  the  lateral  spread.  The  high-fluence 
effect  mainly  discussed  here  are  the  swelling  and  the  sputtering  or  deposition  in  some  case,  which 
bring  the  redistribution  of  the  stopped  ions  in  solids.  By  means  of  a  Monte- Carlo  simulation  code 
called  TRIDYN  the  composition  change  and  the  dynamical  relaxation  was  analyzed  in  the  case  of  B 
implanted  into  Si.  The  amount  of  the  surface  recession  due  to  sputtering  negligible.  The  limiting 
above  which  non-linear  effect  became  undeniable  was  determined  as  a  fonction  of  the  incident 
energy(£j).  The  swelling  is  supposed  to  take  place  at  where  the  linearity  of  ion  concentra¬ 

tion  with  respect  to  <P  fails.  We  extracted  two  of  extrapolation  factors  as  the  function  of  Eg.  They 
derive  the  projected  range(i?p)  and  the  longitudinal  range  straggling(  4/?^)  under  high-^, 
respectively,  from  those  values  calculated  under  the  low-  approximation.  For  the  lateral  spread, 
we  can  derive  the  lateral  range  straggling(  4R^)  using  the  same  extrapolation  factor  for  4R  .  If  the 
low-  0  calculation  is  done  for  one  dimensional  target  like  TRIM,  we  can  still  obtain  under  high- 
by  adopting  a  correlation  between  and 
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STRUCTURAL  CHANGE  AND  RELAXATION  PROCESSES  OF 
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Abstract.  We  have  performed  a  comprehensive  theoretical  study  on  the  stmctural  change  and 
relaxation  processes  of  a  tetrahedral  (Tj)  four-site  model,  which  is  the  most  conceivable  simple  model 
for  various  point  defects  in  covalent  semiconductors.  The  stable  electronic  and  atomic  configura¬ 
tions  are  calculated  exactly  for  the  electronic  ground  and  excited  states  for  possible  electron  occupation 
n  (=0~8).  Stable  structures  are  shown  to  be  either  Tj,  C3V,  C2v  or  Cj  depending  on  the  electron 
number,  the  electron  spin  and  the  strengths  of  the  electron-electron  interaction  and  the  electron-lattice 
interaction.  With  the  obtained  phase  diagrams  we  discuss  the  structural  changes  and  relaxation 
processes  of  the  defect  induced  by  an  intra-defect  excitation  (n=constant,  grounds  excited)  or  a 
carrier  trapping  (n  ^  n  + 1 ) . 

Introduction. 

Most  of  electronic  and  atomic  processes  in  semiconductors,  and  hence  their  physical  properties,  are 
affected  by  point  defects  (vacancies,  substitutional  and  interstitial  impurities).  Recently,  large  lattice 
relaxation  phenomena  have  attracted  much  attention  such  as  the  negative-U  effect  and  the  off-center 
instability  found  at  several  substitutional  impurities  in  covalent  semiconductors.  For  instance,  a 
localized  electronic  excitation  induces  a  bond  breaking  and  some  times  shows  a  bistability  (sp^-sp^), 
found  at  EL2-center  in  GaAs  and  DX-center  in  AlGaAs  [1  -  3].  These  are  local  “structural  change 
induced  by  electronic  excitation”  that  strongly  related  to  the  photo-induced  phase  transition  [4]. 

The  common  structure  of  covalent  semiconductors  (e.g.,  IV,  III-V,  II-VI)  is  the  four  fold  coordina¬ 
tion.  Then  the  tetrahedral  symmetry  is  very  important  because  it  is  the  most  popular  structure  of 
point  defects  in  covalent  materials.  Several  point  defects,  which  originally  possess  a  Tj  symmetry, 
show  symmetry  breaking  structural  instability  to  D23,  and  02^.  Examples  are  vacancy  [5,  6] 
and  nitrogen  substitutional  impurity  [7]  in  silicon.  Various  electronic-atomic  processes  including 
structural  changes  could  be  fully  understood  only  if  we  investigate  the  local  and  global  stability  of  the 
ground  and  excited  states  of  the  system.  The  most  simplest  model  to  discuss  this  would  be  the  T-U-S 
model.  The  model  consists  of  several  interacting  electrons  in  a  deformable  lattice  and  was  first 
apphed  to  a  two-site  two-electron  system  [8].  Studies  covering  the  adiabatic  competition  between 
these  interactions  have  been  done  on  various  systems,  for  example,  the  4-site  4-electron  ring-shape 
system  [9],  one  dimensional  half-filled  system  [10]  and  two-site  hetero  system  [11].  No  such 
studies  have  done  on  the  Tj  system  although  of  its  importance  and  reality.  In  this  paper  we  study  the 
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stable  structures  and  relaxation  processes  of  a  tetrahedral  (Tj)  four-site  T-U-S  model.  The  obtained 
results  are  applied  to  explain  the  structural  changes  and  relaxation  processes  of  various  point  defects 
in  covalent  semiconductors. 


T-U-S  Model. 

Let  us  introduce  a  four-site  model  which  has  a  tetrahedral  symmetry.  This  system  is  characterized 
by  the  electronic  transfer  energy,  -T,  describing  the  quantum  hopping  from  site  to  site,  the  on-site 
(short  range)  Coulomb  repulsion  energy,  [/,  between  two  electrons,  the  lattice  relaxation  energy,  S, 
due  to  the  short  range  interaction  of  an  electron  with  the  lattice  mode,  Q^,  at  the  site  i  (=1-4)  and  the 
number  n  (=0~8)  of  the  occupied  electrons  (Fig.  1).  The  site  I  represents  either  atomic  or  molecular 
orbital;  four  dangling  bonds  for  a  vacancy  case;  four  bonding  (or  antibonding)  orbitals  for  a 
substitutional  impurity. 

Treating  the  system  adiabatically,  the  Hamiltionian  is  given  by 


i  i'  a  i  I  e 


Here,  is  the  creation  (annihilation)  operator  of  an  electron  with  spin  a  (+  (up),  -  (down)) 

at  the  site  £=l,  2,  3,  4  and  =  a/o-a^o--  The  site  energy  at  i  is  assumed  to  change  linearly  with 
the  lattice  distortion  Qi  around  the  site  with  c  the  lattice-coupling  constant.  The  lattice  relaxation 
energy  for  a  single  electron  occupancy  at  a  site  is  12  =  SI2>  and  that  for  double  occupancy  is  25. 
The  present  Hamiltonian  commutes  with  the  number  of  electrons  n  and  the  total  spin  5„.  Then  they 
are  constants  of  motion.  Diagonalizing  the  Hamiltonian  matrix  for  each  subspace  one  obtains  the 
electronic  energies  of  both  the  ground  and  excited  states. 

We  calculate  the  adiabatic  potential  WiQ  of  the  lowest  state  |'J^)  =  of  the 

Hamiltonian  of  n=0  (8),  1  (7),  2  (6),  3  (5),  and  4  electrons  as  a  function  of  Qt’s.  Here  |0)  is  the 
vacuum  state.  Applying  the  Feynman-Hellmann  theorem;  the  lattice  distortion  at  the  stable 
configuration  is  shown  to  be  proportional  to  the  local  electron  density  as 
the  sum  rule  holds,  2^  —nc. 
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The  system  has  the  electron-hole  symmetry:  the  character  of  the  ground  (excited)  state  of  n  electrons 
corresponds  to  that  of  the  8-n  electrons. 

In  the  rigid  lattice  (2^=0)  and  if  the  electron-electron  interaction  is  neglected  (f/=0),  one  electron 
eigen  states  in  the  present  system  are  one  a;  state  with  an  eigen  energy  -3T  and  three  states  with 
T.  In  a  deformable  lattice  (Q^^O)  and  if  the  electron-electron  interaction  is  switched  on  (IMO), 
however,  eigenstates  of  n  electrons  become  complicated  and  structural  changes  may  take  place 
lowering  the  symmetry,  as  will  be  shown  in  the  next  section. 

Results. 

Hereafter  we  show  the  calculated  results  classified  in  the  electron  number  n  and  the  total  spin  S^.  It 
should  be  first  stated  that  in  the  present  system  the  minimum  energy  of  high  spin  5^  states  are  always 
higher  than  that  of  low  spin  states. 

1.  n=0  (8):  There  is  only  one  possible  state  (S^  =0),  where  2i  =  G2  =  63  =  ^4  =  0  (or  2c)  and 
then  it  has  the  T^  symmetry. 

2.  n  =1  (7):  There  are  8  electronic  states  (4x2  spin  doublet  S^=l/2).  The  stable  state  is  either 
symmetric  F  (an  electron  is  delocalized,  where  Qj  =  Q2  =  Q}  =  Q4,  Tj  symmetry)  or  asymmetric  S 
(an  electron  is  self  trapped  such  that  2i  >  62  =  63  =  24>  ^3^(1)).  It  changes  from  F  to  S  as  a  first- 
order  transition  at  S/T=6.  When  S/T  >8  the  F  state  becomes  unstable.  The  excited  states  in  the 
rigid  lattice  (2,  =  0)  are  triply-degenerate  and  always  show  the  Jahn-Teller  distortion  (2i  =  22  >  23 
=  24’  ^Zv)- 

3.  n  =2  (6):  There  are  28  electronic  states,  which  are  classified  into  6x3  spin  triplet  states  (5„=1) 
and  lOx  1  spin  singlet  states  (5^=0). 

(a)  Singlet  states.  Figure  2  (a)  shows  the  stable  configurations  of  these  states.  When  T  is  large 
enough  the  symmetric  state  (T^)  is  stable,  where  two  electrons  have  equal  amphtudes  at  every  four 
sites.  With  increasing  U  and/or  S,  structural  changes  take  place.  If  U  ~S  »T,  the  charge  transfer 
state  (€3^(1’))  becomes  stable,  where  two  electrons  are  shallowly  localized  around  one  site  (such  that 
2i  >  22  =  23  =  24)-  If  S>U»T,  the  charge  transfer  state  (03^(1))  becomes  stable,  where  two 
electrons  are  deeply  localized  at  one  site  (such  that  Q,  »  Q2  =  Q3  =  Q4)  ■ 

When  U>S»T,  two  electrons  are  localized  at  different  sites  repelling  each  other  such  that 
( 2i  =  22  >  23  =  24.  Czv)-  In  the  limit  U»S,  T,  the  transition  from Tj  to  C2V  occurs  at  S/T=6.091 
as  a  second-order.  For  the  small  limit  of  T,  €2^  state  (two  electrons  occupy  separately  two  of  four 
sites)  is  stable  for  U>S  and  Cj^fl)  (double  occupation  at  one  site)  is  stable  for  U<S.  The  transition 
between  €2^  and  €3^(1)  is  of  the  first-order  type.  When  U=0  (on  the  T-S  side),  the  €3^(1)  state 
becomes  stable  for  S  >3T,  while  the  T^,  state  becomes  unstable  for  S  >  4T.  The  values  of  the 
parameters  at  the  critical  points  are:  at  O,  S/T  =4.972,  t//7’=3.514;  at  O’,  5/7=6.250,  17/7=6.000, 
and  at  Q,  5/7=6.098,  t//7=9.040. 
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Fig.  2.  Phase  diagrams  for  different  electron  occupations  of  the  4-site  tetrahedral  T-U-S  model. 
The  coordinates  of  (T,  U ,  S)  at  any  point  in  the  triangle  are  proportional  to  the  lengths  of  the 
perpendiculars  from  that  point  to  the  US,  ST,  and  TU  side  respectively. 

(b)  Triplet  states.  They  always  show  an  asymmetric  distortion,  such  that  G,  =  22  >  Qa  =  Q4 
(C2J  except  for  5=0. 

4.  n  =3  (5):  There  are  56  electronic  states,  which  are  classified  into  4x4  quartet  states  with  5„ 
=3/2  and  20x2  doublet  states  with  5„  =1/2. 

(a)  Doublet  states.  Symmetric  T^  state  (2i  =  22  =  Gs  =  84)  is  not  stable  for  any  parameter  sets, 
as  shown  in  Fig.  2  (b).  When  T—0,  three  electrons  occupy  three  sites  or  two  sites  depending  upon 
whether  U<S  or  U<S.  For  large  T  the  stable  structure  is  with  2i  >  G2  =  Gs  =  24-  As  5 

increases  it  changes  from  €3,(1)  to  (2,  =82  >83  =  84)  as  a^irst-order^transition.  Further 
increase  of  S  causes  a  second-order  transition  from  C2V  to  C^{8\>  82  >  83-  84)-  Th®  transition 
point  on  the  T-S  side  is  given  by  5/7=2.109  at  M,  and  by  5/7=2.859  at  N.  If  U>S»T,  three 
electrons  are  separately  localized  at  three  sites,  such  that  8\  —  82  ~  83  ^  84-  ‘  The  values  of 

the  critical  parameters  are,  5/7=4.882,  17/7=4.128  atO,  and  5/7=3.762,  [7/7=15.667  atQ. 
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(b)  Quartet  states.  In  the  rigid  lattice,  the  ground  state  is  triply  degenerate  with  an  eigen  energy  -T, 
which  does  not  depend  on  U.  In  a  deformable  lattice,  it  always  shows  an  asymmetric  (J-T) 
distortion,  such  that  Qi  =  G2  =  63  >  Qa  (^2^(2))  except  for  5=  0. 

5.  n  =4:  This  is  a  so-called  half  filled  case  with  70  electronic  states,  which  are  classified  into  5x1 
spin  quintet  (5'„=2),  15 x3  spin  triplet  (5'<,=1),  and  20x  1  spin  singlet  (5,,=0). 

(a)  Singlet  states.  The  stable  configurations  are  shown  in  Fig.  2(c).  There  are  three  kinds  of 
stable  states;  T^  state  with  Gi  =  G2  =  Gs  =  G4  is  dominant  for  U>S,  C3^,(l)  state  with  Gi  >  G2 
=  G3  =  G4  for  T>S>U,  and  with  Gi  =  G2  >  G3  =  G4  for  T>U>S.  In  a  narrow  region  of 
T»U~S,  C2V  is  found  to  be  lower  than  €3^,(1).  Transitions  between  these  phases  occur  as  a  first- 
order  ones.  The  parameters  for  critical  points  are;  at  P,  U=S;  at  M,  5/7=1.005;  at  O,  UIT  =4.000 
and  5/7=4.244.  In  the  atomic  limit  (7=0),  four  sites  are  singly  occupied  (T^)  when  C/>5,  or  two 
sites  are  doubly  occupied  (Cj^)  when  U<S . 

(b)  Triplet  states.  The  stable  configurations  are  shown  in  Fig.  2  (d).  There  are  two  kinds  of 
stable  structure;  €3^(2)  state  with  Gi  =  G2  =  G3  >  G4  and  state  with  Gi  >  G2  =  63  >  G4  ■  Only 
in  the  atomic  limit  (7=0),  tetrahedral  (T^)  structure  is  stable  for  U>S.  Inereasing  of  the  electron- 
lattice  coupling  distorts  the  symmetry  and  the  stable  structure  is  €3^(2).  When  S>U»T,  €2^ 
structure  is  stable  which  corresponds  to  a  state  in  the  atomic  limit  where  one  site  is  occupied  by  up 
and  down  spin  electrons  and  two  sites  are  singly  occupied.  The  transition  between  03^(2)  and  €2^  is 
a  first-order  one.  At  the  critical  point  M,  5/7=4.537. 

(c)  Quintet  states.  5^=2.  This  is  a  trivial  case;  the  system  is  always  in  its  symmetric  state 
(Gi  =  G2  =  G3  =  G4»  Tj)  and  the  lowest  adiabatic  potential  is  given  by  145(G)  =-25. 

Summary  and  Discussion. 

The  stable  structures  of  the  tetrahedral  four-site  system  have  been  calculated  exactly  in  the  adiabatic 
approximation  for  the  whole  range  of  the  7,  U,  and  5  parameters.  Stable  structures  are  shown  to  be 
either  Tj,  03^(1),  C3^(2),  €2^  or  depending  on  the  electron  number,  the  electron  spin  and  the 
strengths  of  the  electron-electron  interaction  and  the  electron-lattice  interaction. 

Let  us  briefly  discuss  the  relaxation  processes  in  the  present  T^  system.  We  must  differentiate  between 
two  processes:  one  induced  by  an  intra-system  excitation  without  change  in  the  number  of  occupied 
electrons,  and  the  other  induced  by  the  change  in  the  electron  number,  for  example  the  system  is 
embedded  in  a  host  semiconductor  and  captures  an  electron  or  a  hole.  In  the  first  case,  transitions 
between  two  electronic  states  of  constant  n  take  place.  Excited  states  are  rather  instable  [8]  since 
they  contain  large  amplitude  for  the  charge  transfer  electronic  states.  In  the  second  case,  if  we  start 
with  the  half  filled  case  (n=4),  the  stable  structure  for  singlet  is  either  Tj,  C3„(l)  or  €2^  depending 
upon  the  relative  values  of  7,  U,  and  5  (Fig.  2  (c)).  Captures  of  an  electron  or  a  hole  results  in  a 
structural  change,  some  typical  examples  are  Usted  in  Table  1.  The  vacancy  (V)  in  Si  is  shown  to 
have  different  stable  structures  depending  on  the  charge  state  [5,  6]:  D2,j  for  V  and  V^,  €2^  for  V  , 
and  Tj  for  Since  V®  corresponds  to  n=4  in  the  present  model,  V  in  Si  may  fall  into  the  fifth  case 
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Table  1.  Typical  examples  of  stable  structures  of  different  electron  occupation  for  the  lowest  spin  state. 


parameters 

n  =4 

n=3,  5 

n-2,  6 

n=l,  7 

n=0,  8 

U/T^l,  S/T=0.5 

Th 

C,v(l) 

T, 

Th 

Th 

U/T=10,  S/T=8 

Th 

C,v(2) 

C,v 

C,„(l) 

Th 

U/T=l,  S/T=S 

C2V 

c. 

C,v(l) 

C3v(l) 

Th 

U/T=Q.4,  S/T=Q.S 

Qv(i) 

Q„(i) 

Th 

Th 

Th 

U/T=4,  S/T=2.4 

_ _ 

_ C,:. _ 

_ Ia _ 

Th 

Th _ 

{U/T=4,  S/T=2.4)  in  Table  1.  However,  in  the  present  work  we  have  assumed  the  diagonal  type 
electron-lattice  interaction,  then  Djj  type  structure  is  not  appeared.  The  effect  of  the  off-diagonal 
type  interaction  is  now  under  study. 

Finally,  we  hope  that  the  present  work  would  reveals  the  basic  physics  of  the  structural  change  of 
various  tetrahedral  point  defects  in  covalent  semiconductors. 
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Abstract.  We  present  first-principles  plane-wave  supercell  calculations  for  the  neutral 
monovacancy  in  Si  and  diamond  and  neutral  and  charged  monovacancies  in  cubic  SiC 
using  extremely  soft  non-normconserving  Vanderbilt  pseudopotentials.  The  occurrence  and 
symmetry  of  a  Jahn-Teller  distortion  are  studied.  For  the  case  of  Si  the  results  are  very 
sensitive  with  respect  to  numerical  details  such  as  supercell  size,  supercell  shape  and  k- 
sampling.  Sufficiently  converged  results  for  Si  require  a  128(127)-atom  cell.  For  SiC  a 
64(63)-atom  cell  is  sufficient.  The  convergence  behaviour  can  be  explained  in  terms  of  the 
finite  dispersion  of  the  defect  bands.  A  tight-binding  description  of  the  electronic  vacancy- 
vacancy  interaction  allows  to  extract  the  vacancy  energy  levels  and  the  Jahn-Teller  splittings 
from  the  calculated  bands.  With  rising  supercell  size  we  find  a  tendency  for  the  stabilization 
of  the  D2d  symmetry  in  the  case  of  Si.  For  cubic  SiC  we  find  also  a  pronounced  Jahn-Teller 
distortion  for  the  C-site  vacancy  which  is  energetically  preferable  over  the  Si-site  vacancy. 
Furthermore,  C-site  vacancies  in  SiC  are  found  to  act  as  donors.  The  Si-site  vacancy  shows 
practically  no  Jahn-Teller  effect.  This  can  be  explained  in  terms  of  the  different  overlaps  of 
the  dangling-bond  orbitals  at  the  atoms  neighbouring  the  vacancy.  In  diamond  the  Jahn- 
Teller  effect  is  also  strongly  suppressed.  This  might  be  related  to  the  extreme  hardness  of 
diamond. 


Introduction 

Native  defects  such  as  vacancies  strongly  influence  the  electrical  and  optical  properties  of  semi¬ 
conductors.  The  monovacancy  in  Si  induces  deep  levels  in  the  fundamental  gap  and  plays  a 
major  role  in  atomic  diffusion  and  aggregation[l,  2,  3].  In  SiC  the  presence  of  vacancies  strongly 
limits  the  doping  efficiency  of  acceptors[4,  5].  Apart  from  the  technological  relevance,  vacancies 
in  semiconductors  exhibit  interesting  physics  of  their  own.  The  introduction  of  a  vacancy  in  a 
cubic  diamond  or  zinc-blende  structure  possessing  Ta  symmetry  leads  to  four  dangling  bonds 
at  the  neighbouring  atoms  giving  rise  to  a  (“s-like”)  non-degenerate  Oi  state  and  a  (“p-like”) 
triply  degenerate  t2  state  in  the  fundamental  gap.  Since  the  t2  state  is  only  partially  occupied  a 
vacancy  with  full  Ta  symmetry  would  lead  to  a  degenerate  ground  state.  One  has  to  expect  that 
this  degeneracy  should  cause  a  symmetry-lowering  Jahn-Teller  distortion  of  the  surrounding 
atomic  geometry  resulting  in  a  splitting  of  the  t2  level  and  in  an  energy  gain  via  the  band- 
structure  energy  contribution.  In  order  to  obtain  a  non-degenerate  ground  state  the  t2  level 
must  at  least  split  into  a  non-degenerate  and  a  doubly  degenerate  state  (neutral  and  positively 
charged  vacancies).  Possible  symmetries  leading  to  such  a  splitting  are  and  D2d.  In  order  to 
understand  the  formation  and  the  effect  of  native  defects  in  various  semiconductors  crystallizing 
in  the  diamond  or  zinc-blende  structure  we  performed  first-principles  studies  of  the  atomic  and 
electronic  structure  of  monovacancies  in  Si,  cubic  (zinc-blende)  SiC  and  diamond. 
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Method 

Our  calculations  are  performed  within  the  framework  of  density  functional  theory  in  the  local 
density  approximation.  The  Perdew-Zunger  parametrization  of  the  exchange-correlation  energy 
per  electron  is  taken  into  account.  We  use  extremely  soft  Vanderbilt  pseudopotentials[6]  in 
a  plane-wave  basis  corresponding  to  a  kinetic  energy  cutoff  of  180  eV  for  Si  and  SiC.  For 
diamond  we  have  to  use  a  kinetic  energy  cutoff  of  270  eV.  Explicitely  we  use  the  Vienna  Ab- 
initio  Simulation  Package  (VASP)[7,  8].  The  atomic  coordinates  are  optimized  according  to  the 
calculated  Hellmann-Feynman  forces  using  a  conjugate-gradient  technique.  The  relaxation  of 
the  electronic  degrees  of  freedom  is  done  by  a  band-by-band  residual  minimization  method.  The 
resulting  Kohn-Sham  eigenvalues  are  used  to  interprete  the  bulk  band  structure  and  the  defect 
bands.  The  defect  bands  are  fitted  to  a  simple  tight-binding  model  for  interacting  vacancies 
assuming  nearest-neighbour  interactions  only.  From  the  fitted  thight-binding  parameters  we 
can  extract  the  “true”  defect  levels  for  the  limiting  case  of  non-interacting  vacancies.  The 
defect  structures  are  modelled  by  means  of  repeated  supercells  of  different  size  and  shape.  Most 
calculations  are  done  in  a  simple  cubic  63-atom  cell,  for  Si  also  a  face-centered  cubic  127- 
atom  cell  is  used.  Some  tests  for  other  cells  (face-centered  cubic  15-atom  cell  and  53-atom 
cell)  have  been  performed  too.  However,  the  smaller  cells  turn  out  to  be  of  insufficient  size. 
The  k-sampling  is  performed  using  different  sets  of  k-points.  We  check  k-point  sets  according 
to  the  suggestions  of  Baldereschi  (B)[9],  Chadi  and  Cohen  (CC)[10]  and  Monkhorst  and  Pack 
(MP)[11].  On  the  analogy  of  the  procedure  of  Baldereschi  for  constructing  the  special  mean- 
value  point  we  construct  a  new  set  of  two  special  points  which  we  might  call  “two  Baldereschi 
points”  (2  B).  Furthermore,  we  check  also  the  sampling  using  only  the  T-point. 


Results 

Neutral  monovacancy  in  Si 

In  Table  1  we  have  summarized  the  formation  energy  for  a  neutral  monovacany  in  Si  for  three 
different  supercell  sizes  and  a  variety  of  k-point  samplings  in  dependence  on  the  local  symmetry. 
Apart  from  the  F-only  sampling  and  smaller  supercells  the  absolute  value  of  the  formation 


Table  1.  Formation  enerygy  (in  eV)  of  the  neutral  monovacancy  in  Si  calculated  for  several  supercells, 
point-group  symmetries  and  k-point  samplings. 


^atom 

k-point  set 

Td 

D2d 

Cz, 

127 

2  CC 

3.615 

3.372 

3.590 

1  B 

3.606 

3.679 

3.614 

2  B 

3.586 

3.568 

3.587 

F-point 

3.292 

3.086 

3.292 

MP  (2x2x2) 

3.573 

3.570 

3.573 

63 

2  B 

3.556 

3.551 

3.559 

MP  (2x2x2) 

3.376 

3.376 

3.377 

MP  (3x3x3) 

3.566 

3.566 

3.567 

53 

1  B 

3.462 

3.443 

3.467 

2  B 

3.416 

3.415 

3.417 

MP  (2x2x2) 

3.040 

3.041 

3.041 

MP  (3x3x3) 

3.313 

3.313 

3.313 

energy  ranging  from  3.0  ...  3.6  eV  is  not  too  sensitive  on  the  numerical  details.  We  observe  a 
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tendency  towards  the  larger  values  for  increasing  supercell  size.  The  larger  values  agree  quite 
well  with  the  experimental  value  of  the  formation  energy  of  3.6  ±  0.2  eV[12,  13].  For  the  smaller 
cells  the  influence  of  the  local  symmetry  on  the  formation  energy  is  almost  negligible  and  the 
deviations  of  the  atomic  displacements  from  Ta  symmetry  remain  small.  Only  for  the  largest 
127-atom  cell  we  And  a  pronounced  Jahn-Teller  effect  except  for  the  T-only  sampling.  Here  we 
And  significant  deviations  of  the  atomic  displacements  from  Tj,.  A  D2d  symmetry  is  energetically 
favoured  by  several  0.01  or  0.001  eV  depending  on  the  k-point  sampling.  The  corresponding 
atomic  geometry  is  related  to  a  pairing  of  Si  atoms  neighbouring  the  vacancies,  i.e.,  the  formation 
of  (weak)  bonds  between  these  Si  atoms.  A  D2d  symmetry  is  in  agreement  with  findings  of  low 
temperature  experiments [2]  and  other  recent  first-prinicples  studies[14:,  15].  However,  there  are 
other  recent  calculations[16]  predicting  the  symmetry  to  be  most  stable.  We  believe  that 
this  result  is  an  artifact  of  the  used  k-point  sampling  and  the  63-atom  cell,  as  also  pointed  out 
by  other  authors[15]. 

Serious  problems  are  related  to  the  strong  dispersion  of  the  defect  bands.  For  the  smaller 
cells  the  band  dispersion  is  as  large  as  or  larger  than  the  fundamental  gap  of  Si  (our  calculated 
value  is  Egap=0A7  eV)  and  we  And  already  an  overlap  between  the  defect  bands  and  the  bulk 
conduction  band.  Hence,  smaller  cells  and  certain  k-point  samplings  can  lead  to  an  unphysical 
occupation  of  the  lowest  conduction  band  states.  This  unphysical  band  occupation  can  result 
in  a  wrong  symmetry  of  the  ground  state  or  it  can  even  completely  suppress  the  Jahn-Teller 
distortion.  These  problems  occur  even  in  a  63-atom  cell.  Only  for  a  127-atom  cell  we  can 
conclude  that  the  ordering  of  the  vacancy  bands  and  the  lowest  conduction  bands  is  correct. 

The  huge  dispersion  of  the  defect  bands  makes  it  also  difHcult  to  extract  the  “true”  defect 
states  in  the  limit  of  (approximately)  isolated  vacancies.  Hence,  we  are  not  aware  of  any  study 
discussing  the  electronic  structure  of  the  monovacany  in  Si.  The  band  dispersion  results  from 
the  rather  strong  vacancy-vacancy  interactions  in  our  artiflcal  vacancy-superlattice.  We  attack 
the  problem  of  extracting  the  “true”  defect  levels  via  a  simple  tight-binding  model  assuming 
only  nearest-neighbour  vacancy-vacancy  interactions.  For  a  hypothetical  Td  symmetry  we  And 

Fig.  1.  Defect  band  structure  of  the  monovacancy  in  Si  for  a  127-atom  cell.  The  shaded  region  denotes 
the  projected  bulk  bands.  The  solid  lines  are  the  calculated  defect  bands,  the  dashed  lines  denote  the 
bands  obtained  from  our  tight-binding  At.  Left  panel  (a):  Td  symmetry,  right  panel  (b):  D2d  symmetry. 


the  fli  state  deep  in  the  valence  band  at  about  1  eV  below  the  valence  band  maximum  (VBM), 
the  t2  level  is  found  in  the  lower  part  of  the  fundamental  gap  at  an  energy  of  about  0.38  Egap 
(0.18  eV)  above  the  VBM.  The  Jahn-Teller  splitting  found  for  the  127-atom  cell  resulting  in  a 
twofold  degenerate  e  state  and  a  non-degenerate  62  state  amounts  to  about  1.15  Egap  (0.54  eV). 
The  occupied  62  level  is  pushed  towards  the  VBM.  Explicitely  we  And  that  it  is  even  pushed 
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below  the  VBM  by  about  0.23  eV.  The  unoccupied  e  level  occurs  in  a  midgap  position  at  about 
0.66  Egap  (0.31  eV)  above  the  VBM.  Fig.  1  shows  the  band  structure  along  the  F-X  line  for  a 
127-atom  cell. 

Monovacancies  in  SiC 

In  the  case  of  cubic  SiC  we  have  not  only  studied  neutral  but  also  charged  monovacancies. 
Furthermore,  since  SiC  is  a  two-component  compound  we  have  to  distinguish  between  Si- 
site  and  C-site  vacancies  and  we  have  to  discuss  the  formation  energy  in  dependence  on  the 
preparation  conditions,  i.e.,  the  chemical  potentials  of  the  constituents.  In  addition,  the  treatment 
of  charged  vacancies  requires  also  a  discussion  of  the  formation  energies  in  dependence  on  the 
position  of  the  Fermi  level  (p-type  or  n-type).  Fig.  2  shows  according  phase  diagrams  for 
the  formation  energies  of  neutral  and  singly  charged  Si-site  and  C-site  vacancies.  The  results 

Fig.  2.  Formation  energies  of  monovacancies  in  SiC  for  different  charge  states  and  sites  as  a  function  of 
the  Si  chemical  potential  for  two  positions  of  the  Fermi  level  in  the  fundamental  gap.  Left  panel:  p-type 
SiC,  right  panel:  n-type  SiC. 


p-type  (Ep=0)  n-type  (Ep=Eg) 


AUsi 


shown  in  Fig.  2  correspond  to  a  calculation  with  a  63-atom  cell.  In  contrast  to  Si  we  do  not  find 
such  critical  convergence  problems  with  the  supercell  size.  This  is  related  to  the  much  larger 
fundamental  gap  in  SiC,  i.e.,  although  the  dispersion  of  the  defect  bands  is  also  rather  large  in 
SiC  this  causes  no  unphysical  occupations  of  the  wrong  states  such  as  bulk  conduction  bands. 

In  all  cases  we  find  that  C-site  vacancies  are  significantly  more  favourable  than  Si-site 
vacancies.  Furthermore,  we  find  only  a  pronounced  Jahn-Teller  effect  for  the  C-site  vacancy 
leading  again  to  D2d  symmetry.  For  the  Si-site  vacancy  the  geometry  remains  approximately 
in  a  Td  configuration.  These  findings  are  related  to  the  different  overlaps  of  the  dangling  bonds 
at  the  atoms  neighbouring  the  vacancy.  Around  a  C-site  vacancy  we  have  Si  atoms,  i.e.,  a 
similar  situation  as  in  Si.  But  in  contrast  to  Si  the  Si-Si  distance  is  now  even  smaller  due  to  the 
smaller  lattice  constant  of  SiC  and  there  is  a  very  strong  interaction  between  the  Si  dangling 
bonds.  The  small  Si-Si  distance  leads  already  to  such  a  strong  overlap  that  one  finds  an  outward 
relaxation  of  the  Si  atoms  whereas  in  Si  one  finds  an  inward  relaxation  of  the  atoms  neighbouring 
the  vacancy.  For  the  C-dangling  bonds  around  a  Si-site  vacancy,  however,  the  situation  is 
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dramatically  different.  Since  the  SiC  lattice  constant  is  much  larger  than  that  of  diamond  the  C- 
C  distance  is  so  large  that  the  extremly  localized  C  dangling  bonds  possess  almost  no  overlap. 
This  suppresses  almost  completely  any  Jahn-Teller  effect  because  a  significant  Jahn-Teller 
splitting  could  only  be  achieved  if  the  C-atoms  come  rather  close  together.  However,  this  would 
require  a  huge  displacement  and,  hence,  cost  a  huge  amount  of  elastic  energy.  Furthermore, 
these  findings  explain  the  energetical  preference  of  the  C-site  vacancy  because  the  strong  Si 
dangling  bond  overlap  implies  always  some  weak  Si-Si  bonding  leading  to  an  energetically 
more  favourable  situation  than  for  the  isolated  non-interacting  dangling  bonds  found  around 
Si-site  vacancies. 

Interesting  results  are  found  when  discussing  the  formation  energy  as  a  function  of  the 
charge  state  and  the  position  of  the  Fermi  level  in  the  gap.  For  p-type  SiC  there  is  a  very 
pronounced  preference  for  the  positively  charged  C-site  vacancy  and  even  for  an  undoped  or 
n-type  material  there  is  a  certain  preference  for  the  positively  charged  vacancy.  This  has  an 
important  consequence:  C-site  vacancies  act  like  a  donor,  i.e.,  like  a  n-dopant.  Hence,  in  p- 
doped  material  we  have  to  expect  a  strong  compensation  of  the  introduced  acceptors,  i.e.,  the 
vacancies  release  electrons  and  these  electrons  are  captured  by  the  acceptors.  This  explains 
clearly  the  experimental  findings  that  vacancies  in  SiC  critically  limit  the  doping  efficiencies  of 
acceptors  [4,  5]. 

Neutral  monovacancy  in  diamond 

In  the  case  of  diamond  we  obtain  a  formation  energy  of  6.97  eV  for  Td  symmetry.  We  do  not  find 
any  Jahn-Teller  effect,  i.e.,  within  our  numerical  accuracy  the  atomic  geometry  relaxes  always 
towards  a  Td  symmetry.  The  distortion  of  the  atomic  geometry  around  the  vacancy  corresponds 
to  an  outward  breathing  relaxation  of  the  C  atoms.  We  suspect  that  the  Jahn-Teller  effect  is 
strongly  suppressed  in  diamond  because  any  significant  distortion  of  the  atomic  geometry  would 
cost  too  much  elastic  energy  due  to  the  extreme  hardness  of  diamond. 

Summary 

We  presented  a  first-principle  study  of  the  energetics,  Jahn-Teller  effect  and  electronic  structure 
of  monovacancies  in  Si,  SiC  and  diamond.  We  have  carefully  checked  the  dependence  of  the 
results  on  the  numerical  details  such  as  supercell  size,  supercell  shape  and  k-point  sampling. 
For  the  case  of  Si  we  find  a  D2d  symmetry  to  be  most  favourable.  From  a  simple  tight-binding 
model  of  interacting  vacancies  we  extracted  the  “true”  defect  levels.  We  find  the  occupied  levels 
slightly  below  the  VBM  and  the  unoccupied  levels  in  a  midgap  position.  In  the  case  of  SiC  we 
always  find  an  energetical  preferrence  for  the  C-site  vacancy  and  only  the  C-site  vacancy  shows 
a  pronounced  Jahn-Teller  effect  but  not  the  Si-site  vacancy.  This  can  be  explained  in  terms  of 
the  different  overlaps  between  the  dangling  bonds  at  the  atoms  neighbouring  the  vacancy.  We 
find  that  the  C-site  vacancies  in  SiC  act  as  a  donor.  Consequently,  this  must  lead  to  a  significant 
limitation  of  the  doping  efficiency  for  acceptors  what  explains  according  experimental  findings. 
For  diamond  we  find  that  the  atomic  geometry  remains  in  a  Td  symmetry.  This  might  be  related 
to  the  competition  between  the  band  structure  energy  gain  and  the  costs  in  elastic  energy. 
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TRANSIENT  LATTICE  VIBRATION  INDUCED  BY  SUCCESSIVE  CARRIER 
CAPTURES  AT  A  DEEP-LEVEL  DEFECT  AND  THE  EFFECT  ON 
DEFECT  REACTIONS 
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Abstract.  We  study  theoretically  the  dynamics  of  the  transient  lattice  vibrations  induced  by 
successive  carrier  captures  by  a  deep-level  defect.  The  time  evolution  of  the  normal  phonon 
modes  {q^it)}  and  the  interaction  mode  Q^{t)  are  calculated  classically.  After  each  carrier 
capture,  Q{t)  shows  a  damping  oscillation  in  a  period  ~27t/Aco,  where  Am  is  the  width  of  the 
phonon  frequency  distribution.  The  carrier  captures  and  the  transient  lattice  vibration  are 
shown  to  be  highly  correlated  processes  (capture  enhanced  capture),  which  depend  on  the 
carrier  densities,  and  n^,  the  capture  cross  sections,  Og  and  the  activation  energies, 
and  Eact**.  and  Am.  If  several  pairs  of  electrons  and  holes  are  captured  within  a  short  period 
~27t/Am,  the  amplitude  of  the  vibration  of  0,(t)  increases  remarkably,  and  then  it  may 
overcome  the  potential  barrier  for  a  defect  reaction.  More  than  the  band  gap  energy  Eg  can  be 
used  for  this  phonon  kick  mechanism. 

Introduction. 

The  nonradiative  multiphonon  recombination  in  semiconductors  takes  place  as  successive 
captures  of  an  electron  and  a  hole  by  a  deep-level  defect.  After  an  electron  (hole)  capture,  the 
lattice  relaxation  takes  place  and  an  electronic  energy  equal  to  the  thermal  depth  (-^th^)  of 
an  electron  (hole)  is  converted  to  phonon  energies.  The  whole  process  of  nonradiative 
multiphonon  recombination  can  be  described  consistently  only  by  using  a  proper  configura¬ 
tion  coordinate  diagram  with  many  electron  representation  [1].  It  has  been  suggested  that  the 
transient  vibration  induced  by  a  carrier  capture  enhances  a  following  capture  of  the  opposite 
carrier  [1,2].  These  coherent  captures  are  considered  as  a  key  mechanism  for  recombination 
enhanced  defect  reactions,  which  are  observed  in  many  semiconductor  optical  devices  [3].  The 
purpose  of  the  present  paper  is  to  study  theoretically  the  dynamies  of  the  transient  lattice 
vibration  induced  by  successive  carrier  captures  by  a  deep-level  defect  and  its  effect  on  the 
defect  reaction. 

Vibronic  Hamiltonian 

Let  us  first  study  the  lattice  vibrations  around  a  deep-level  defect  in  a  semiconductor.  The 
normal  modes  of  the  lattice  are  denoted  by  and  their  conjugate  momentums  with  an 
angular  frequency  O),..  The  suffix  k  runs  over  the  mode  and  the  wave  number  for  the  bulk 
mode,  and  over  localized  modes  if  any.  Without  loss  of  generality  we  assume  that  the 
equilibrium  positions  of  lattice  modes  are  ^^^=0  when  the  defect  is  neutral  (D^)  and 
when  the  defect  is  occupied  by  an  electron  (D").  The  vibronic  Hamiltonian  of  the  system  for 
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Fig.  1.  The  configuration  coordinate  model 
for  a  deep-level  defect  with  many  carriers. 


D®  with  free  electrons  in  the  conduction  band  and  n,,  free  holes  in  the  valence  band  is 
written  as 


(1) 


The  origin  of  the  total  energy  is  measured  from  that  for  with  free  holes  (no  electron), 
and  is  the  band  gap  energy.  After  an  electron  has  captured,  the  vibronic  Hamiltonian  for 
D"  is  written  as 


^  k 


^ih* 


(2) 


Here,  E,l  presents  the  thermal  depth  of  a  bound  electron.  The  quantity  E'^=E^  -  El^  presents 
the  thermal  depth  of  a  bound  hole  as  if  a  hole  is  bound  in  D®. 

The  bulk  modes  of  lattice  vibrations  in  solids  are  usually  classified  into  the  acoustic  mode  (ac) 
and  the  optical  mode  (op).  If  we  assume  the  deformation  potential  type  electron-lattice 
interaction  for  the  acoustic  mode  and  the  Frohrich  type  interaction  for  the  optical  mode,  the 
lattice  shift  is  given  by 
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for  ac, 
for  op. 


(3) 

(4) 


for  a  localized  electron  whose  wave  function  is  a  gaussian  exp(-7rr^ ! a^)  with  a  radius  a. 

Let  us  introduce  an  orthogonal  transformation  from  {(0^  q^}  to  {Q,},  in  which  the  interaction 
mode  (2i  is  taken  as 
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(5) 


Then  the  corresponding  adiabatic  potentials  for  and  are  respectively  given  by 


^  k 

^  k 


(6) 

(7) 


Here  ^lr  =  lattice  relaxation  energy.  Thus  the  effect  of  the 

electron-lattice  interaction  Has  put  into  the  interaction  mode  Q,  only. 


Transient  lattice  vibrations 

In  this  section  we  study  the  transient  lattice  vibration  classically  which  is  induced  by  a  single 
capture  by  a  defect  D*'.  Before  the  capture  the  lattice  q^.  vibrates  around  each  equilibrium 
q^=0  and  is  sometimes  activated  to  distort  Q,=  Q.,  at  which  a  nonradiative  electron  capture 
can  takes  place.  If  we  assume  the  minimum  activation  energy  for  each  mode  so  as  to  reach 
Qi^Q.  [2],  the  time  dependence  of  the  interaction  mode  after  the  capture,  which  has  occurred 
at  t=0,  is  given  by, 


<2,(0 


^1  k 


1- 

(a  ] 

COSfttjf 

^2,  ^ 

(8) 


It  should  be  noted  here  that  all  the  normal  modes  q^(t)  vibrate  harmonically:  no  damping  and 
no  energy  dissipation.  Since  the  interaction  mode  <2,  is  a  linear  combination  of  many  normal 
modes  with  different  frequencies  (2,(0  shows  a  damping  oscillation.  Figure  2  (a) 
shows  a  typical  example  of  2,(f)  for  the  interaction  with  the  acoustic  modes.  It  is  damped 
very  quiekly  because  the  acoustic  modes  have  a  very  vwde  distribution  {0~uk^^=mld). 
For  the  interaction  with  the  optical  mode,  on  the  other  hand,  g,(f)  vibrates  harmonically  with 
tu„p  and  show  no  damping.  Figure  2  (b)  shows  results  on  a  model  where  5j=constant  and  the 
frequency  distribution  is  a  gaussian  centered  at  ft),,  with  a  width  Aft) .  It  shows  a  damping 
oscillation  which  lasts  in  a  period  x~2n/  Aft) .  As  can  be  seen  in  Fig.  2  (b)  it  represents  both 
limits,  ac  and  op.  If  Aft)  is  rather  small,  the  transient  lattice  vibration  lasts  rather  long  and  it 


a=l,«=l,  Q=-l,  Q=l.k^=nla  A£O/ffl„=0.05,  Q~\,  Q=2 


Affl/(U„=0.4,  Q=-\,  Q=2 


(a)  acoustic  phonon.  (b)  gauss  distribution  of  ft)^ . 


Fig.  2  Transient  vibration  of  the  interaction  mode  Q^(t)  after  a  carrier  capture. 
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Aw/(O=0.0\,  Q=-2,  (2,=3.  2^=5  Affl/ffl„=O.I,  Q~2,  Q=2, 


Fig.  3  Time  evolution  of  Qi  (0  during  a  series  of  captures. 

then  can  enhance  a  following  capture  of  the  opposite  carrier.  In  the  next  section  we  simulate 
the  dynamics  of  the  transient  vibration  and  a  series  of  captures,  using  the  gauss  distribution 
model. 

Coherent  recombination  and  transient  lattice  vibration 

If  the  host  semiconductor  is  a  p-type,  the  defect  is  stationary  occupied  by  a  majority  hole 
(D®).  A  capture  of  a  minority  electron  occurs  by  a  thermally  activated  process  (  G,  2e. 
with  the  activation  energy  figct®;  the  capture  cross  section  is  cr'  =  cr®  expC-E^,,  /  ^T)),  which 
is  followed  by  a  transient  lattice  vibration  of  Q,  around  Qy  If  a  hole  is  captured  during  the 
transient  lattice  vibration,  the  activation  energy  £3^**  i^^t  necessary  (cr''  =at,  cf.  Dexter- 
Krick-Russel  mechanism  for  the  F-center  in  alkalihalides  [4]).  Once  a  hole  is  captured,  it  again 
induces  a  transient  lattice  vibration  around  G,=0,  which  activates  the  second  electron  capture, 
and  so  on. 

Let  us  simulate  the  dynamics  of  the  transient  vibration  and  a  series  of  captures.  We  use 
following  assumptions: 

1 )  Each  normal  mode  q,^  vibrates  around  either  ^^=0  or  =  5^  depending  on  the  charge  of  the 
defect  (D®  or  D"). 

2)  The  time  dependence  of  Q^{t)  is  determined  by  {  q^{t)}  through  the  equation  (5). 

3)  The  first  electron  capture  takes  place  by  a  thermal  activation  Q.. 

3)  If  the  motion  of  the  interaction  mode,  Q,(t),  crosses  the  point  ( QJ  of  the  adiabatic 
potentials,  there  arise  a  large  probability  Eg  (P},)  per  time  to  capture  an  electron  (hole) 
nonradiatively. 

4)  If  the  motion  Q,  (t)  has  been  damped  out  before  a  carrier  capture  takes  place,  the  coherence 
in  successive  captures  is  quitted.  The  next  capture  is  again  thermally  activated  process. 

Figure  3  shows  typical  examples  of  the  simulation  for  the  time  evolution  of  G,(r)  with 
parameters  Pe/ooo~Rh/®o  Small  black  circles  indicate  a  time  when  a  carrier  capture 

takes  place.  If  the  conditions,  Pgr>l  and  Pb'i^>h  are  satisfied,  coherent  captures  can  take 


Materials  Science  Forum  Vois.  258-263 


663 


Affl/(o„=0.01,  Q=-2,  (2,  =3.  2,  =5  A(B/<u„=0.1,  Q=-2,  2,  =3,  Q„=5 

1^(21)  ^(2,) 


Fig.  4  Time  evolution  of  the  adiabatic  potential  W(Qj )  during  a  series  of  captures. 

plaee.  Figure  4  shows  the  time  evolution  of  the  adiabatic  potential  W(Qj).  It  is  readily  seen 
that  if  the  vibronic  energy,  i.e.  the  kinetic  energy  of  the  vibration  of  Q,,  is  dissipated 

constantly.  On  the  other  hand,  if  Pe,r>\  the  energy  dissipation  is  weak  and  the  vibronic 
energy  of  Q^  increases,  which  enhances  following  carrier  capture  processes. 

Summary  and  discussion 

We  have  studied  the  transient  lattice  vibration  induced  by  a  successive  carrier  captures  and  the 
effect  on  following  captures.  After  each  capture,  Q^(t)  shows  a  damping  oscillation  around 
Q^=  0  or  ^  in  a  period -Ik/ Ao),  where  A®  is  the  width  of  the  phonon  frequency  distri¬ 
bution.  The  carrier  captures  and  the  transient  lattice  vibration  are  highly  correlated  processes 
(capture  enhanced  capture),  which  depend  on  the  carrier  densities  and  n^,  the  capture  cross 
sections  Og  and  0^,  the  activation  energies  and  and  the  frequency  distribution  Aco 
of  phonons. 

Let  us  discuss  the  athermal  capture  process.  We  have  assumed  that  an  electron  (hole)  can  be 
athermally  captured  just  when  2,(t)  crosses  (gj,  the  intersection  of  two  adiabatic 
potentials.  The  capture  rate  P,  is  related  as  P.=  where  n  is  the  carrier  density,  Vj 

the  thermal  velocity  and  o  the  capture  cross  section,  which  has  a  form  0  =  0„  exp{-E^^^  /  k^T) 
for  the  nonradiative  multiphonon  process.  If  the  transient  vibration  enables  gi(f)  to  cross 
(gj,  the  capture  rate  is  given  by  Pq=  rig  nje  0' .  In  the  adiabatic  limit  it  is  theoretically 
shown  that  Pg-rOg/ln  [2].  Then  the  condition  for  the  coherent  captures  turns  out  to  be 
P^x-P^T-cOg!  Aco>\.  The  details  depend  on  the  parameters:  g,,  g^,  g, . 

If  several  pairs  of  electrons  and  holes  are  captured  within  a  short  period  -In! Aco,  the 
amplitude  of  the  interaction  mode  g,(t)  increases  remarkably,  and  it  may  overcome  the 
potential  barrier  for  a  defect  reaction  [3].  More  than  the  band  gap  energy  £'g=£'th®+^th''  can 
be  used  for  this  phonon  kick  mechanism. 

When  we  apply  the  present  results  to  recombination  enhanced  defect  reactions  [3,  5-8],  we 
should  mind  that  there  are  many  situations  depending  on  the  variety  of  charged  states  of  a 
defect,  the  magnitude  of  ^th®  ^>3^  the  relation  between  the  relaxation  mode  g,  and  the 
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reaction  coordinate  Q^,  the  magnitude  of  capture  cross  sections,  and  so  on.  If  the  relaxation 
mode  (2,  is  a  symmetric  mode  such  as  a  breathing  mode,  (2,  is  then  orthogonal  to  which  is  a 
symmetry  breaking  mode  by  definition.  Then  the  symmetrical  relaxation  process  does  not 
affect  defect  reactions. 

If  the  symmetry  breaking  relaxation  takes  place  by  the  charge  change  of  a  defect,  the  point  is 
which  corresponds  to  the  asymmetrical  configuration,  Q^=0  or  Qi?  If  the  reaction  coordinate 
(2r  is  almost  parallel  to  Q^,  a  defect  reaction  occurs  by  the  structural  instability  mechanism 
induced  by  a  minority  electron  capture  [8].  If  Ejj,®  is  large  and  QJ!  but  there  is  a  potential 
barrier,  the  phonon  kick  mechanism  takes  place  with  the  aid  of  Etj,®  induced  by  an  electron 
capture.  If  jEth**  I®  1^8^  QJ!  the  phonon  kick  mechanism  takes  place  by  a  hole 
capture  which  has  been  enhanced  by  an  electron  capture.  If  a  majority  carrier  capture  occurs 
very  quickly  within  the  local  transient  vibration,  the  band  gap  energy  can  be 

used  for  exciting  a  defect  reaction.  This  could  be  the  most  effective  path  to  the  defect  reaction 
and  nothing  but  so  called  the  recombination  enhanced  mechanism. 

In  an  n-type  semiconductors,  defect  reactions  can  be  discussed  in  a  similar  way  as  above, 
starting  from  (2,=  2  and  DO+e+h.  In  contrast  to  a  p-type,  the  first  capture  of  a  minority  hole 
by  a  neutral  center  DjO  is  not  accelerated  by  the  Coulomb  attraction  while  the  second  electron 
capture  by  D;"''  is  accelerated. 

We  have  assumed  that  the  initial  defect  has  and  D+  charged  states.  If  it  has  D'  and  D^,  the 
above  discussion  can  be  also  valid  with  respective  replacements  D®  D"  and  D+  D®.  As 
we  have  shown,  either  in  n-type  and  p-type,  the  capture  of  a  majority  carrier  always  enhanced 
by  a  minority  carrier  capture,  and  vice  versa.  But  only  a  hole  capture  is  accelerated  by  the 
Coulomb  attraction  of  D". 
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Abstract.  This  paper  reports  a  further  development  of  the  Recombination  DLTS  technique 
which,  by  combining  the  majority  and  minority  carrier  injection,  allows  deep  levels  to  be 
filled  by  both  types  of  carriers  in  a  controlled  manner  and  thus  provides  a  convenient 
technique  for  the  detection  and  characterisation  of  recombination  centres.  Using  a  theoretical 
description  of  this  technique  to  determine  the  minority  carrier  capture  cross  sections  of 
majority  canrier  traps  observed  by  DLTS,  this  paper  presents  a  detailed  account  of  how  the 
obtained  defect  parameters  can  be  used  to  describe  the  effect  of  defects  on  solar  cell 
performance.  It  is  shown  that  an  excellent  agreement  is  obtained  with  the  observed  solar  cell 
data. 


1.  Introduction 

Characterisation  of  recombination  centres 
plays  an  important  part  in  the  manufacture 
and  operation  of  semiconductor  solar  cells. 

Although  much  progress  has  been  made  in 
the  understanding  of  defects  in  semicon¬ 
ductors  in  general,  the  understanding  of 
defect  responsible  for  electron-hole 
recombination  is  less  complete.  This  paper 
reports  on  a  further  development  of 
Recombination  DLTS  (RDLTS)  which  has 
made  it  possible  to  observe  and  characterise 
a  deep  level  associated  with  recombination 
activity  [1,2]. 

This  technique  relies  on  the  simultaneous 
injection  of  electrons  and  holes  in  a 
controlled  manner  -  majority  carriers  by  an 
electrical  pulse,  minority  carriers  by 
illumination.  The  principles  of  RDLTS  are  1  Typical  DLTS  and  MCTS  spectra  of 

summarized  in  Figs.  1  and  2.  Figure  1  electron-irradiated  p-type  CZ  silicon 
shows  typical  DLTS  and  MCTS  spectra  of 

electron-irradiated  p-type  Czochralski  silicon  where  the  electrical  and  optical  pulse  are  applied 
in  separation.  Focusing  on  the  divacancy  peak  (shown  by  arrow  in  Fig.  1),  Fig.  2  shows  the 
effect  of  minority  carrier  injection  on  the  amplitude  of  this  peak:  as  the  illumination  intensity 
increases,  the  amplitude  is  reduced,  indicating  filling  of  the  deep  level  by  electrons.  This 
demonstrates  that  both  electrons  and  holes  are  captured  by  the  defect  as  one  would  expect  for 
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a  recombination  centre.  It  is 
significant  that  other  peaks  in  the 
DLTS  spectrum  are  not  affected  ^ 

by  similar  illumination.  a 

3 

O 

These  results,  as  well  as  the  ® 
analysis  in  this  work  refer  to  | 
samples  fabricated  from  crystalline  ^ 

silicon  solar  cells  (Fig.  3)  “ 

irradiated  to  1E15  e/cm^  by  1  | 

MeV  electrons.  Since  the  top  E 

diffused  n+  layer  is  highly  doped, 
the  DLTS  monitors  defects  in  the  o 
p-type  base.  The  shallow  junction 
depth  (fraction  of  a  micron)  Temperature  (K) 

ensures  that  almost  all  of  the 

electron-hole  pairs  are  generated  Figure  2  Effect  of  superimposing  laser  light  on  the 
also  in  the  base,  i.e.  within  the  dLTS  peak  of  the  divacancy 
same  part  of  the  device  as 
observed  by  the  DLTS.  Further 

details  of  the  samples  and  experimental  procedure  can  be  found  in  [1,2]. 

This  paper  gives  a  further  analysis  of  the  RDLTS  results  by  combining  two  theoretical 
developments.  Firstly,  results  of  RDLTS  theory  are  presented  (Sec.  2)  which  makes  it 
possible  to  obtain  an  accurate  value  of  the  minority-carrier  (i.e.,  electron)  capture  cross 
section  of  the  divacancy,  alongside  the  hole  capture  cross  section  available  from  conventional 
DLTS.  Secondly,  using  a  detailed  model  of  the  solar  cell  (Sec.  3),  this  capture  cross  section 
is  used  in  Sec.  4  to  determine  the  effect  of  this  defect  on  solar  cell  performance. 


2.  Analysis  of  RDLTS  data 

To  analyse  the  RDLTS  spectra,  the  g 

fraction  of  traps  occupied  can  be  3 
plotted  as  a  function  of  the  ° 

photogenerated  current  density  g- 

injected  into  the  samples  by  the  laser  * 
beam  which  was  measured  in  a  |  0.4 
separate  experiment  (Fig.  3).  Since  5 

most  of  the  electron-hole  pairs  are  S  0.2 

generated  in  the  base  of  cell  which  *" 
also  contributes  to  the  DLTS  signal,  0 

the  photogenerated  current  is  an  o-i  ^ 

accurate  measure  of  the  minority  injected  current  density  (mA/cm^) 

carrier  density  in  this  region,  and  this 

allows  an  accurate  determination  of  Figure  3  The  deep-level  occupation  as  a  function  of 
the  minority-carrier  (electron)  capture  the  photogenerated  current  injected  by  laser 
cross  section  [3].  Using  the  known  illumination 
value  of  the  hole  capture  cross  section 
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[4],  the  following  results  are  obtained: 

Op  =  3x10'*®  cm^ 
o„  =  8x10'*^  cm^ 


(1) 


The  electron  capture  cross  section  (1)  agrees  with 
a  previous  result  [2]  which  was  obtained  by  a  less 
rigorous  analysis.  The  difference  in  magnitudes  of 
the  two  capture  cross  sections  is  striking  but  not 
unusual.  It  can  be  understood  from  a  more 
detailed  picture  (known  from  a  wealth  of  other 


experimental  evidence)  of  the  charge  states  of  the  Figure  4  The  energy  levels  of  the 
divacancy  (Fig.  4).  The  lowest  level  (shown  by  divacancy  and  the  associated  charge 
arrow)  is  the  one  observed  in  this  experiment.  It  states 
is  seen  that  when  this  level  is  about  to  capture  a 

hole,  the  defect  is  neutral  but  before  it  captures  an  electron,  the  defect  is  positively  charged. 
Hence  the  much  larger  observed  capture  cross  section  for  electrons  than  holes,  with  sizes  that 
are  in  keeping  with  other  charged  or  neutral  defects. 


3.  Brief  solar  cell  theory  [5] 

A  conventional  solar  cells  represents  a  planar  diode 
structure  (Fig.  4).  Incident  light  generates  current 
carriers  which  move  towards  the  junction  where  they 
are  separated  and  produce  useful  power  output.  The 
I-V  characteristic  of  an  ideal  solar  cell  is  described  by 
the  equation 


m 

Top  contacts 

m 

p 

p-n  junction 

Back  contact 


^2)  Figure  5  Cross  section  of  solar 
cells  under  study 


which  differs  from  the  diode  equation  only  by  the  presence  of  the  light-generated  current  I,. 
In  Eq.  (2),  e  (>0)  is  the  electron  charge,  k  is  the  Boltzmann  constant,  T  is  the  absolute 
temperature,  and  !„  is  the  dark  saturation  current. 

The  power  output  of  the  solar  cell  can  be  described  by  two  principal  parameters,  the  open- 
circuit  voltage  and  the  short-circuit  current  1,^,  which  are  given  by: 
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The  light-generated  current  I,  is  determined  principally  by  the  minority-carrier  transport,  and 
depends  crucially  on  the  minority-carrier  lifetime  t.  In  terms  of  the  diffusion  length  L  = 
VDt,  where  D  is  the  minority-carrier  diffusion  constant  one  can  broadly  say  that  only  carriers 
which  are  generated  within  the  distance  L  of  the  junction  are  collected;  the  rest  is  lost  by 
recombination.  It  is  the  lifetime  t  (or,  equivalently,  the  diffusion  length  L)  which  is  the 
principal  quantity  of  concern  when  the  cell  is  subjected  to  the  particle  radiation  in  space. 

The  dark  saturation  current  which  enters  the  expression  for  the  open-circuit  voltage  can  be 
estimated  by  the  expression 


4“ 


1 


(4) 


where  the  dopant  concentration  N<,  and  lifetime  r  refer  to  the  lightly  doped  side  of  the 
junction. 

This  argument  implies  that  the  short-circuit  current  will  degrade  most  under  irradiation,  and 
degradation  of  the  open-circuit  voltage  will  be  less  pronounced.  This  follows  from  the 
logarithmic  dependence  (4),  and  is  observed  for  the  majority  of  solar  cells. 

The  behaviour  of  L  upon  irradiation  can  be  described  by  the  equation 


J_ 


=  —  +  K'<t) 


(5) 


where  L„  is  the  diffusion  length  in  the  unirradiated  cell,  <l>  is  the  particle  fluence  (integrated 
flux),  and  K  is  a  (dimensionless)  damage  constant  characteristic  for  the  material  and  the  type 
of  irradiation.  In  terms  of  the  microscopic  constants,  K  is  given  by 


K  = 


D 


(6) 


where  v^  is  the  thermal  velocity  of  minority  carriers,  and  a  and  r  are  the  minority-carrier 
capture  cross  section  and  defect  introduction  rate,  respectively.  The  damage  constant  K 
generally  depends  on  the  type  of  dopant,  and  a  different  damage  constant  should  therefore 
be  introduced  for  each  region  of  the  cell. 

The  reduction  of  the  diffusion  length  describes  usually  the  most  significant  part  of  the 
damage,  but  changes  in  other  parameters  on  irradiation  sometimes  also  need  to  be  considered. 
The  dark  current  !„  in  Eq.  (4)  may  increase  as  a  result  of  compensation  by  the  radiation- 
induced  defects.  This,  however,  occurs  usually  at  particle  fluences  orders  of  magnitude  higher 
than  that  which  degrades  t  or  L.  Another  source  of  degradation  are  defects  created  in  the 
depletion  region  which  increase  the  so-called  recombination  current  which  was  not  included 
in  (1).  Similarly,  an  increase  of  the  defect  concentration  at  the  interfaces  between  different 
regions  of  the  cell,  as  well  as  at  the  external  surfaces,  may  reduce  the  solar-cell  output  in 
certain  circumstances. 
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4.  Effect  of  divacancy  on  the  solar  cell  operation 

Using  the  theory  outline  in  the  previous  section,  the  capture  cross  section  determined  in  Sec. 
2  can  now  be  used  to  determine  the  effect  of  the  electron  irradiation  on  the  solar  cell 
performance.  It  is  known  [51  that  the  spectral  response  of  the  solar  cell  (i.e.,  the  short  circuit 
current  under  monochromatic  illumination  as  a  function  of  wavelength)  is  a  sensitive  indicator 
of  the  minority-carrier  lifetime  in  the  base  of  the  cell  which  can  be  used  for  independent 
verification  of  the  DLTS  data. 

Using  the  capture  cross-sections  (1),  one  obtains  the  following  value  of  the  damage  constant 
in  the  base  of  the  solar  cell: 

K  =  3.7x10""  (7) 


When  this  value  of  the 
damage  constant  is  fed 
into  the  solar-cell  model, 
the  resulting  spectral 
response  is  shown  in  Fig. 
6.  In  this  plot,  the  theore¬ 
tical  fit  to  the  measured 
data  for  an  unirradiated 
cell  was  used  to  obtain  the 
diffusion  length  L,,.  The 
degradation  of  the  dif¬ 
fusion  length  was  then 
calculated  using  Eq.  (5) 
which  was,  in  turn,  the 
used  to  calculate  the 
spectral  response  of  the 
irradiated  cell.  It  is  seen 
that  the  agreement  with 
the  measured  data  is 
excellent. 


Figure  6  Comparison  of  the  experimental  and  calculated  spectral 
response  for  a  solar  cell  before  and  after  irradiation. 


Using  the  equations  of  Sec.  3,  other  solar  cell  parameters  can  also  be  obtained,  with  a 
similarly  good  agreement  with  experimental  data. 


5.  Conclusion 

It  was  shown  by  using  the  Recombination  DLTS  data  for  the  divacancy  in  silicon  in  a  solar 
cell  model  that  a  very  good  agreement  is  obtained  with  the  measured  spectral  response  of  the 
solar-cell.  This  result  give  perhaps  the  strongest  evidence  to-date  for  the  divacancy  as  the 
dominant  recombination  centre  in  electron  irradiated  p-type  silicon.  It  also  shows,  on  the 
example  of  the  solar  cell,  that  Recombination  DLTS  can  provide  accurate  quantitative  data 
which  can  be  used  to  predict  the  performance  of  semiconductor  devices. 
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DEFECT-ENGINEERING  RAD-HARD  DETECTORS 
FOR  THE  CERN  LHC 

B.  MacEvoyl,  K.  GilP  and  G.  HalU 
^Blackett  Laboratory,  Imperial  College,  London  SW7  2BZ,  UK 
2PPE  Division,  CERN,  CH-1211  Geneva  23,  Switzerland 

Keywords:  silicon,  radiation,  particle  detectors,  defect-engineering,  divacancies 

Abstract.  Silicon  particle  detectors  will  be  used  extensively  in  experiments  at  the  CERN  Large 
Hadron  Collider,  where  high  radiation  levels  will  cause  significant  atomic  displacement  damage. 
After  irradiation,  such  detectors  exhibit  changes  in  the  effective  doping  concentration  of  the 
substrate  material  which  represent  the  limiting  factor  to  long-term  operation  in  a  particle  physics 
environment.  A  model  has  been  developed  to  estimate  the  evolution  of  defect  concentrations  and  to 
predict  the  electrical  behaviour  of  irradiated  devices  using  Shockley-Read-Hall  semiconductor 
statistics.  Discrepancies  between  the  model  calculations  and  experimental  data,  and  other  observed 
phenomena,  suggest  that  a  non-SRH  mechanism  may  be  responsible  for  a  large  fraction  of  the 
measured  changes  in  detector  properties.  The  proposed  mechanism  is  the  direct  transfer  of  charge 
between  the  clustered  divacancy  (V2)  defects  formed  by  hadronic  irradiation.  This  leads  to  a  large 
enhancement  in  both  V2  acceptor  state  occupancy  and  carrier  generation  rate.  The  consequences  of 
this  mechanism  for  the  prospects  of  defect-engineering  rad-hard  devices  are  discussed. 

1.  Introduction 

It  is  planned  to  use  silicon  detectors  for  many  applications  at  the  CERN  Large  Hadron  Collider 
(LHC),  which  will  commence  operation  around  the  year  2005.  This  accelerator  will  collide  counter- 
circulating  beams  of  protons  at  a  centre-of-mass  energy  of  14  TeV  and  a  rate  of  40  MHz.  The  high 
interaction  rate  is  essential  to  accumulate  sufficient  numbers  of  the  rare  events  from  which  new 
physics  discoveries  are  expected,  but  means  that  inner  detector  layers  will  be  exposed  to 
unprecedented  fluences  of  penetrating  charged  particles.  In  the  course  of  their  operational  lifetime, 
it  is  anticipated  that  microstrip  layers  will  receive  an  ionising  dose  of  ~10  Mrad  coupled  with  a 
hadron  fluence  equivalent  to  -10*"*  cm'^  1  MeV  neutrons  [1]. 

The  detectors  used  in  particle  physics  are  basically  diodes,  consisting  of  p-type  strips  ion-implanted 
on  a  high  resistivity  (-5  kD.cm)  n-type  float-zone  substrate  [2].  This  choice  of  material  allows  full 
depletion  at  moderate  bias  voltages  (<  200  V)  and  minimises  the  leakage  current.  About  150  m^  of 
silicon  detectors  will  be  used  in  the  LHC  experiments  -  or  -100,000  four-inch  wafers.  This  is  a 
Imge  amount  of  silicon  for  the  high  energy  physics  community,  but  only  a  small  fraction  of  the 
silicon  produced  by  wafer  manufacturers  for  the  semiconductor  industry  world-wide.  Consequently, 
radiation  effects  in  float-zone  particle  detectors  have  been  somewhat  neglected  and  it  is  only 
recently  that  significant  progress  has  been  made  in  understanding  their  microscopic  origins. 

2.  Radiation  effects  in  detectors 

The  principal  obstacle  to  long-term  operation  at  the  LHC  arises  from  bulk  damage  due  to  atomic 
displacements  in  the  substrate  material.  The  main  effects  are  briefly  summarised  below. 

2.1.  Leakage  current  changes 

Detector  leakage  currents  increase  significantly  during  irradiation.  The  current  is  described  in  terms 
of  4.  which  is  the  leakage  current  per  unit  volume.  It  is  well  established  that  the  increase  in  is 
directly  proportional  to  particle  fluence: 

AJ^  =  a0  (1) 

The  proportionality  constant,  a,  is  known  as  the  "damage  constant"  and  has  the  value  (5-10)xl0-*'* 
A.cm-*  for  high  energy  hadrons  [3].  The  current  is  sensitive  to  temperature  and  can  be  reduced 
considerably  by  modest  cooling.  The  dependence  is  usually  parameterised  as: 

J  T7,:,-E„lkT 


with  Ea  =  (0.62+0.03)  eV  [4]. 


(2) 
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2.2.  Effective  doping  changes 

In  an  unirradiated  device,  the  space-charge  results  from  shallow  dopants  in  the  silicon,  usually 
phosphorus  and  boron.  Photoluminescence  studies  indicate  that  the  level  of  compensation  by  boron 
contamination  is  typically  very  low.  It  is  found  that  n-type  detectors  become  progressively  less  n- 
type  with  increasing  hadron  fluence  until  they  invert  to  effectively  p-type  at  around  2xl0i3  n.cm-2 
and  then  continue  to  become  more  p-type  beyond  this  point,  apparently  without  limit.  Typical 
results  are  shown  in  Fig.  1  [3].  In  practice,  detectors  still  work  beyond  the  inversion  fluence  because 
the  junction  moves  from  the  p+  strips  to  the  n+  back-plane  contact. 
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Fig.  1.  Evolution  of  Neff  with  neutron  fluence  forn-type  detectors  from  two  manufacturers  [3]. 

The  effective  doping  concentration,  Neff,  can  be  inferred  from  the  voltage  required  to  obtain  full 
depletion,  Vdepi' 


Neff- 


ed^ 


^depl 


(3) 


where  d  is  the  diode  thickness.  After  high  particle  fluences,  Neff  can  be  such  that  the  depletion 
voltage  exceeds  the  breakdown  voltage  of  the  device  and  efficient  operation  is  no  longer  possible. 
This  effect  represents  the  limiting  factor  for  long-term  operation  at  future  experiments. 


3.  Defect  kinetics  modei 

A  detailed  understanding  of  radiation  effects  can  be  achieved  by  numerical  calculations  of  the 
evolution  of  complex  defects  formed  during  irradiation.  A  1  MeV  neutron  can  transfer  up  to  130 
keV  to  the  primary  knock-on  atom  (PKA).  An  atom  with  this  energy  can  produce  a  cascade  of 
many  interactions,  some  of  which  produce  energetic  secondary  recoils.  Simulations  have  shown 
that  a  tree-like  displacement  cascade  is  usually  created  with  two  or  three  "terminal  clusters  of 
linear  dimensions  --50  A  [5].  These  clusters  contain  a  high  density  of  self-interstitial  (I)  and 
vacancy  (V)  Frenkel  pairs.  At  the  centre  of  the  cluster,  I-V  recombination  is  initially  the  dominant 
process  and  most  (>  90%)  of  the  Frenkel  defects  are  annihilated  in  a  very  short  time.  Some 
vacancies  combine  to  form  divacancies  (V2),  and  possibly  larger  multi-vacancy  complexes.  Those 
interstitials  and  vacancies  which  escape  recombination  diffuse  away  from  the  damaged  region  until 
they  reach  a  surface  or  are  trapped  at  other  defects  and  impurities,  particularly  oxygen  and  carbon. 

These  trapping  events  may  be  thought  of  in  terms  of  quasi-cheimcal  reactions  .  Reaction  rates  are 
controlled  by  the  concentrations  of  trapping  sites  and  their  relative  capture  radii.  Davies  et  al  have 
explained  the  optical  absorption  spectra  of  electron-irradiated  silicon  by  using  a  small  number  of 
reactions  [6].  A  kinetics  model,  based  on  this  work  but  suitably  modified,  has  been  used  to  predict 
the  evolution  of  defects  during  the  irradiation  of  detector  material.  The  reactions  used  in  the  model 
are  shown  in  Table  1  [4,7].  The  reactions  in  list  A  only  have  a  significant  chance  of  occurring 
during  a  PKA  cascade,  whereas  the  diffusion  reactions  in  list  B  take  place  away  from  the  cluster 
region. 

This  modelling  approach  can  be  applied  equally  well  to  the  case  of  gamma  irradiation,  for  example 
with  60Co  photons.  Here,  the  bulk  damage  arises  primarily  as  a  result  of  the  interaction  between 
Compton  electrons  and  the  host  atoms.  The  scattered  electrons  typically  have  energies  of  only  a  few 
hundred  keV  [8],  which  is  insufficient  to  displace  more  than  one  or  two  silicon  atoms  from  their 


Materials  Science  Forum  Vols.  258-263 


673 


lattice  sites.  Consequently,  there  are  no  terminal  clusters  and  the  damage  profile  consists  of  point 
defects  distributed  uniforMy  throughout  the  crystal  bulk. 


List  A  -  primary  reactions  (in  the  PKA  cluster] 


I  reactions 

V  reactions 

l-h  V^Si 

V  +  V  ^  V2 

List  B  -  dijfusion  reactions  (outside  the  cluster) 


Cj  reactions 

1  +  Ug  — >  (Jj 

I  +  CC  CCI 

iH-cci^ccn 

I  +  CO  ^  COI 

I  -1-  coi  -4  con 

I H-  VO  ->  0 

I  +  V2  ^  V 

I  +  VP  ^  P 

V  +  V  ^  V2 

V  +  V2  ^  V3 

V  +  0  ^  VO 

V  +  VO  ->  V2O 

V  +  P  ^  VP 

Ci  +  Cs  ^  CC 

Ci  +  0  ^  CO 

Table  1.  Kinetics  model  reaction  scheme  [4,7]. 

In  order  to  make  quantitative  calculations,  the  oxygen,  carbon  and  phosphorus  concentrations  ([O], 
[Cs]  and  [P])  and  introduction  rates,  n,  of  I,  V  and  V2  are  required.  It  is  well  established  that  [O] 
and  [Cs]  in  detector  material  are  typically  a  fewxlQls  cm-3.  The  exact  value  of  [P]  depends  upon  the 
resistivity  of  the  material  and  is  normally  -10*2  cm-3.  Introduction  rates  of  I,  V  and  V2  have  been 
calculated  from  DLTS  measurements.  Although  there  is  some  controversy  between  the  various 
groups  working  in  this  field,  reasonable  estimates  are  77/  =  1.26x10-3  cm-',  rjy  =  1.2x10-3  cm-',  77^2 
=  2.8x10-3  cm-'  for^oco  photons  and  77/  =  11.5  cm-',  77^  =  2.1  cm-',  riv2  =  4.7  cm-'  for  1  MeV 
neutrons  [9,10].  Figure  2  shows  how  various  defect  species  are  predicted  to  evolve  as  a  function  of 
30Co  gamma  dose  and  1  MeV  neutron  fluence.  Uncertainties  in  the  predicted  concentrations  are  at 
the  level  of  -40%  and  arise  mainly  from  errors  in  the  introduction  rates  and  ratios  of  capture  radii. 
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Fig.  2.  Model  predictions  for  evolution  of  various  defect  concentrations  with  '^Co  gamma  dose  and 
1  MeV  neutron  fluence. 

4.  Modelling  data  from  gamma-irradiated  devices 

Using  the  defect  concentrations  from  the  kinetics  model,  it  is  reasonably  straightforward  to  predict 
the  experimental  observables,  and  AJy,  from  first  principles  on  the  basis  of  Shockley-Read-Hall 
(SRH)  theory  [10].  By  solving  the  Poisson  and  current  continuity  equations  in  conjunction  with 
SRH  statistics,  the  occupancy  of  each  trap  can  be  derived.  The  effective  doping  concentration  may 
then  be  calculated  from: 


^ejf  =  Y,^'^~fD)iD]-Y^fA[A]  +  p-n  (4) 

D  A 

by  summing  over  the  donors  Z)  and  acceptors  A.  Note  that  defined  here  as  being  positive  for 
n-type  material.  Similarly,  the  increase  in  leakage  current  may  be  calculated  by  summing  the 
generation  rates,  G,  at  each  defect: 
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AJ,=eJ^G  (5) 

A,D 

The  states  included  in  the  calculation  of  Neff^and  AJy  are  listed  in  Table  2  [10].  It  is  assumed  that  the 
capture  cross-sections  of  each  defect  for  electrons  and  holes,  (y„  and  are  equal. 


Defect  identity  Energy  (eV) 

Type _ _ 

Charge  states 

VO  E^-0.17 

Acceptor 

(0/-) 

V7O  Er-0.50 

Acceptor 

(0/-) 

Vo  Ev-hO.20 

Donor 

(+/0) 

Ec-0.41 

(First)  Acceptor 

(0/-) 

E^-0.23 

(Second)  Acceptor 

(-/=) 

VP  Ec-0.45 

Acceptor 

(0/-) 

CO  Ev-i-0.36 

Donor 

(+/0) 

CC  Ec-0.17 

Acceptor 

(0/-) 

Table  2.  Defect  states  considered  in  the  modelling  procedure  [10]. 

The  predictions  of  the  model  are  compared  with  experimental  data  from  gamma-irradiated  devices 
in  Fig.  3.  According  to  the  model,  the  changes  in  iV^j-are  dominated  by  the  creation  of  y20  defects 
and  the  removal  of  the  phosphorus  dopant  via  the  process  V  +  P  ->  VP.  Ev20  is  not  precisely  known 
(Er-0.50+0.05  eV  [11])  and,  within  the  uncertainty  interval,  the  model  results  vary  significptly. 
Excellent  agreement  with  the  data  was  obtained  for  Ev20  =  Ec-0.515  eV.  Due  to  the  proximity  of 
the  defect  to  mid-gap,  the  concentration  of  V2O  also  determines  the  magnitude  of  the  leakage 
current;  again,  the  agreement  with  the  experimental  data  is  remarkably  good. 
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Fig.  3.  Comparison  between  model  predictions  and  experimental  data  for  Neff  and  AJy  as  a  function 
of60Co  gamma  dose. 

5.  Modelling  data  from  neutron-irradiated  devices  -  V2  charge  exchange 

Similar  calculations  have  been  used  to  predict  the  evolution  of  doping  concentration  and  leakage 
current  for  neutron  irradiation.  The  results  are  shown  in  Fig.  4. 
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Fig.  4.  Comparison  between  model  predictions  and  experimental  data  for  Neff  and  AJy  as  a  function 
of  1  MeV  neutron  fluence. 
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Values  of  Ev20  =  Ec-0.515  eV  and  <Jv2o  =  2.5x10-1^  cm^  were  used  since  these  had  given  excellent 
agreement  with  the  gamma  data.  The  dominant  contribution  to  Neff  is  again  made  by  the  V2O 
complex,  although  the  agreement  with  the  data  is  poor.  More  seriously,  the  leakage  current 
is  consistently  underestimated  by  around  two  orders  of  magnitude. 

Considering  firstly  the  changes  in  Neff,  in  principle  a  substantial  improvement  in  radiation  tolerance 
can  be  achieved  by  suppressing  production  of  the  V2O  complex.  More  detailed  investigations  with 
the  kinetics  model  have  demonstrated  that  an  increase  in  the  initial  oxygen  concentration  leads  to  a 
substantial  reduction  in  V2O  production  [7].  This  is  because  the  oxygen  impurity  getters  the 
vacancies  produced  during  irradiation  and  suppresses  the  channel  V  +  VO  V2O.  These 
predictions  have  prompted  workers  to  investigate  oxygenated  material  as  a  solution  to  the  problem 
of  radiation  hardness.  Recent  results  from  diodes  fabricated  on  epitaxial  material,  where  the  oxygen 
concentration  is  known  to  be  considerably  greater  than  in  standard  float-zone  detectors,  are  very 
promising  and  appear  to  bear  out  the  model  predictions  (see,  for  example.  Ref.  [9]). 

Although  these  results  represent  considerable  progress  in  our  understanding  of  radiation  effects, 
and,  indeed,  towards  the  defect-engineering  of  rad-hard  devices,  it  is  evident  from  Fig.  4  that  the 
picture  is  not  yet  complete.  A  careful  consideration  of  the  possible  errors  in  the  model  [10]  suggests 
that  the  apparent  failure  in  the  prediction  of  electrical  characteristics  after  neutron  irradiation  is  a 
real  effect  that  does  have  a  physical  origin.  A  further  acceptor-like  contribution  to  Neff  is  clearly 
required  to  bring  the  model  into  agreement  with  the  data,  while  the  enormous  underestimate  of  the 
leakage  current  is  inexplicable  within  the  framework  of  SRH  theory. 

The  obvious  difference  between  ^^Co  photon  damage,  where  the  model  is  successful,  and  fast 
neutron  damage,  where  it  is  not,  is  the  production  of  dense  defect  clusters  in  the  case  of  the  latter. 
Simple  calculations  indicate  that  the  local  divacancy  density  in  these  clusters  may  be  as  high  as 
-1020  cm-3  [10].  Since  the  extent  of  the  bonding  distortion  caused  by  an  isolated  divacancy  is  -10 
A,  it  is  possible  that  direct  carrier  transitions  occur  between  some  of  the  clustered  divacancies. 
These  transitions  invalidate  the  SRH  calculation,  which  assumes  that  the  only  communication 
between  defects  is  the  indirect  statistical  link  via  the  occupation  of  the  bands. 

There  is  compelling  experimental  evidence  in  the  literature  for  inter-defect  charge  exchange  (see, 
for  example.  Ref.  [12]).  More  recently,  enhanced  diode  currents  have  been  attributed  to  this 
mechanism  [13],  although  the  reported  case  is  for  communication  between  non-identical  defects 
where  reactions  of  the  type  XOY-  «  X-Y^  can  enhance  the  occupation  of  the  state  with  the  higher 
emission  rate.  Reactions  of  the  type  X^X-  <=>  X'X®  cannot  have  the  same  consequence.  However, 
the  divacancy  is  unusual  in  that  it  has  four  charge  states  which  give  rise  to  three  energy  levels  in  the 
forbidden  gap  (Table  2).  The  +  and  =  states  have  very  high  emission  rates.  In  a  high  resistivity 
diode  under  reverse  bias,  the  neutral  state  of  the  divacancy  is  strongly  favoured.  Thus  the  V2 
contribution  to  the  leakage  current  can  be  enhanced  if  the  charge  exchange  reaction  V2'’V20  => 
V2+V2-  occurs.  This  mechanism  will  also  increase  the  number  of  N2'  states,  which  make  an 
acceptor-like  contribution  to  Neff. 
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Fig.  5.  Consequences  of  inter-defect  charge  exchange  for  V2  first  acceptor  occupancy  (f2)  and 
damage  constant  ( a). 


By  writing  general  expressions  for  the  rates  of  emission  and  capture  between  any  two  divacancy 
states,  it  is  possible  to  solve  for  the  occupancy  of  each  state  as  a  function  of  V2  density  within  the 
clusters.  This  is  necessary  because  the  fraction  of  V2  defects  that  are  actually  close  enough  to 
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exchange  charge  is  not  known.  Results  are  shown  above  in  Fig.  5;  full  details  of  the  calculation  may 
be  found  in  Ref.  [10].  The  reaction  V2OV2®  V2+V2-  dominates,  leading  to  a  significant 
enhancement  in  the  occupancy  of  the  first  acceptor  state  (denoted  f2)  over  the  value  predicted  by  the 
SRH  calculation.  For  an  effective  density  of  cm-3,  the  contribution  of  the  filled  acceptors  to 
Neff  at  a  fluence  of  SxlO^^  n.cm-2  is  -2x10”  cm-3,  which  is  quite  significant.  The  predicted  value  of 
the  damage  constant,  a,  is  -5x10”’  A.cm”,  in  close  agreement  with  what  is  actually  observed. 
Moreover,  the  predicted  temperature  dependence  of  the  current  corresponds  to  £„  =  (0.59+0.01)  eV, 
which  compares  favourably  with  the  measured  value  of  Ea  =  (0.62+0.03)  eV  (Eq.  (2)). 


6.  Summary  and  discussion 

A  numerical  model  has  been  used  to  investigate  the  evolution  of  complex  defects  in  detector 
material  during  ^^Co  gamma  and  fast  neutron  irradiation.  The  defect  concentrations  from  the  model 
have  been  combined  with  SRH  semiconductor  statistics  to  predict  observed  quantities  such  as 
effective  doping  concentration  and  leakage  current.  In  the  case  of  gamma  irradiation,  the  model 
predictions  are  in  good  agreement  with  the  experimental  data.  According  to  the  model,  the  changes 
in  Neff  and  leakage  current  are  dominated  by  the  creation  of  V2O  defects.  In  the  case  of  neutron 
damage,  the  agreement  with  the  data  is  poor.  It  has  been  shown  that  these  discrepancies  may  be 
explained  by  the  non-SRH  mechanism  of  inter-defect  charge  transfer  between  divacancy  states  in 
the  dense  terminal  clusters  formed  by  heavy  particle  irradiation.  The  charge  exchange  reaction 
V2°V2°  =>  V2+V2‘  leads  to  a  large  increase  in  carrier  generation  rate  and  a  significant  enhancement 
in  the  number  of  W2'  states. 

The  calculations  presented  here  suggest  that  detectors  would  be  extremely  radiation-hard  from  the 
point  of  view  of  both  leakage  current  and  changes  in  Neff  if  "Vi  production  could  be  suppressed.  This 
requires  very  high  impurity  concentrations  to  ensure  that  gettering  centres  are  distributed  on  a 
similar  scale  to  the  PKA  cascade.  Isoelectronic  elements  such  as  germanium  (Ge)  and  tin  (Sn) 
appear  to  be  suitable  candidates.  However,  float-zone  devices  with  Ge  levels  of  -0.1%  are  no  more 
radiation  tolerant  than  standard  detectors  [14].  It  is  possible  that  a  higher  impurity  fraction  of 
germanium  is  required.  Doping  with  tin  is  known  to  suppress  V2  production  in  Czochralski  naaterim 
[15].  Unfortunately,  there  are  technological  problems  associated  with  processing  such  material  and 
no  working  devices  have  yet  been  produced.  Nevertheless,  research  in  this  field  is  very  active  (see, 
for  example.  Ref.  [16]),  and  it  is  hoped  that  it  will  be  possible  to  demonstrate  truly  rad-hard 
detectors  for  use  at  the  LHC  within  the  time  remaining. 
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